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'■Isopar)-,  combined  with  the  ability  of  IIYDROPERM  to  separate  oil- 
water  emulsions,  enables  the  attainment  of  even  greater  degrees 
of  dewatering  (up  to  ninety-eight  percent).  It  is  also  demon- 
strated that  the  oil-based  sludge  residue  can  be  further  treated 
using  the  Carver-Greenfield  Process,  so  as  to  produce  a dry, 
sterile  residue, 

In  a small  scale  demonstration,  conducted  as  a part  of  the 
pi'esent  study,  it  was  shown  that  in  the  IIYDROPERM  step,  l62  liters 
of  water  from  an  original  165  liters  of  black  water  were  removed 
by  filtration,  leaving  the  original  solids  suspended  in  an  emul- 
sion of  15  liters  of  Isopar  and  approximately  3>1  liters  of  water. 
In  the  Carver-Greenfield  step,  the  emulsion  residue  from  the 
HYDROPERM  step  is  dehydrated  by  evaporation  in  the  presence  of 
additional  Isopar  to  give  completely  anhydrous  solids  suitable 
for  direct  incineration.  Actually,  the  emulsion,  containing  a 
large  percentage  of  hydrocarbon  oil  as  it  did,  could  have  been 
Incinerated  directly  ivithout  final  dehydration;  and  that  is  the 
recommended  operation. 

On  the  relatively  small  scale  of  concern  here,  the  HYDROPERM 
Process  is  far  less  expensive  than  the  Carver-Greenfield  Proc- 
ess, ’Which  only  becomes  economical  on  a scale  of  tens  of  hundreds 
of  tons  of  dry  ’weight  per  day;  and  the  HYDROPERM  Process  is  rec- 
ommended alone  for  black  water,  with  incineration  of  the  con- 
centrate and  discharge  of  the  filtrate. 

The  capital  cost  of  a 110  t/day  HYDROPERM  plant  using  Isopar 
and  not  treating  the  filtrate  is  approximately  $2800  to  $5600, 
depending  upon  the  characteristics  of  the  particular  black  water 
used;  and  as  shown  in  Section  V,  paragraph  3,  the  labor,  material 
and  power  costs  are  entirely  minor.  Conventional  Carver-Greenfieli 
plants  cost  hundreds  of  thousands  of  dollars  for  hundreds  of  tons 
treated  per  day;  miniature  Carver-Greenfield  units  are  being 
studied,  but  they  have  not  been  demonstrated  or  estimated  at  this 
writing , 

The  only  conventional  waste  disposal  technique  at  all  com- 
petitive with  oil-assisted  dewatering  on  this  scale  appears  to  be 
trucking  av/ay  to  a conventional  sewage  treatment  plant  sorne- 
’where  nearby.  Trucking  is  estimated  to  cost  about  $100  to  $150 
per  7600  liters — ner  week  at  1100  liters  per  day — for  a break- 
even time  ivith  a HYDROPERM  plant  of  20  to  40  v;eeks,  assuming  no 
filtrate  polishing  costs. 
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FOREWOPD 


The  present  report  describes  the  results  of  a study  con- 
ducted by  HYDRONAUTICS,  Incorporated  under  a contract  (No. 
DAAG53-76-C-OI29)  from' the  U.  S.  Army  Mobility  Equipment  Re- 
search and  Development  Command.  Technical  monitoring  for  the 
program  was  provided  by  Mr.  Maurice  Pressman  of  MERADCOM. 

The  authors  wish  to  acknowledge  the  key  role  played  in 
the  study  by  Mr.  Ronald  Watson  (their  laboratory  technician) 
who  actually  performed  the  tests  described  in  this  report. 
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SWIMABY 


Laboratory  experiments  to  investigate  the  feasibility  of 
further  concentrating  the  already  concentrated  (containing 
approximately  one  to  two  . percent  total  solids)  human  wastes 
of  the  type  encountered  onboard-  U.  S.  Army  watercraft  or  at 
field  troop  installations  are  described.  Tlie  additional  con- 
centration is  performed  by  cross-flov/  microfiltration  utiliz- 
ing unique  microporous  plastic  tubes  called  IIYDROPERI-f"  (manu- 
factured by  HYDRONAUTICS,  Incorporated).  It  is  shovm  that  a 
significant  degree  of  dev/aterlng  of  the  concentrate  can  be 
achieved  while  producing  a relatively  clear,  suspended-sollds- 
free  permeate.  Fluidization  of  the  sludge  by  the  addition  of 
a light  oil  (EXXON'S  Isopar),  combined  with  the  ability  of 
PIYDROPSRl-I  to  separate  oil-water  emulsions,  enables  the  attain- 
ment of  even  greater  degrees  of  dewatering  (up  to  ninety-eight 
percent).  It  is  also  demonstrated  that  the  oil-based  sludge 
residue  can  be  further  treated  using  the  Carver-Greenfield 
Process,  so  as  to  produce  a dry,  sterile  residue. 

In  a small  scale  demonstration,  conducted  as  a part  of 
the  pr-esent  study,  it  was  shov/n  that  in  the  HYDRO  PERM  step, 

162  liters  of  water  from  an  original  165  liters  of  black  water 
were  removed  by  filtration,  leaving  the  original  solids  sus- 
pended in  an  emulsion  of  15  liters  of  Isopar  and  approximately 
3.1  liters  of  v;ater.  In  the  Carver-Greenfield  step,  the  emul- 
sion residue  from  the  HYDROPERM  step  is  dehydrated  by  evapora- 
tion in  the  presence  of  additional  Isopar  to  give  com.pletely 
anhydrous  solids  suitable  for  direct  incineration.  Actually, 
the  emulsion,  containing  a large  percentage  of  hydrocarbon 
oil  as  it  did,  could  have  been  incinerated  directly  without 
final  dehydration;  and  that  is  the  recommended  operation. 

On  the  relatively  small  scale  of  concern  here,  the  HYDRO- 
PEK-I  Process  is  far  less  expensive  than  the  Carver-Greenfield 
Process,  which  only  becomes  economical  on  a scale  of  tens  or 
hundreds  of  tons  of  dry  weight  per  day;  and  the  HYDROPERM 
Process  is  recommended  alone  for  black  water,  vjlth  incinera- 
tion of  the  concentrate 'and  discharge  of  the  filtrate. 

The  capital  cost  of  a 110  t/day  HYDROPERM  plant  using 
Isobar  and  not  treating  the  filt-rate  is  approximately  $2S00 
to  05600,  depending  upon  the  characteristics  of  the  particular 
black  water  used;  and  as  shown  in  Section  V,  paragraph  8,  the 
labor,  material  and  pov/er  costs  are  entirely  minor.  Conven- 
tionai  Carver-Greenfield  plants  cost  hundreds  of  thousands  of 
dollars  for  hundreds  of  tons  treated  per  day;  miniature  Carver- 
Greenfield  units  are  being  studied,  but  they  have  not  been 
demonstrated  or  estimated  at  this  writing. 
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The  only  conventional  waste  disposal  technique  at  all 
competitive  with  oil-assisted  dewatering  on  this  scale  appears 
to  bo  trucking  aivay  to  a conventional  sewage  treatment  plant 
somewhere  nearby.  Trucking  is  estimated  to  cost  about  .^100 
to  $lb0  per  7600  liters — per  week  at  1100  liters  per  day — for 
a break-even  time  with  a HYDROPERM  plant  of  20  to  40  v/eeks, 
assujning  no  filtrate  polishing  costs. 
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I . INTRODUCTION 


As  a result  of  the  rapid  deterioration  of  the  quality  of 
the  environment  in  the  United  States  in  recent  years,  legisla- 
tion has  been  enacted  which  severely  restricts  the  discharge 
of  waste  effluents  into  the  v;ater,  air  or  soil.  The  United 
States  Aimiy  is  not  excluded  from  the  responsibility  of  pollu- 
tion abatement,  and  is  concerned  v;ith  the  control  of  pollut- 
ants generated  not  only  v/ithin  logistical,  manufacturing  and 
» troop  Installations,  but  also  aboard  Army  vessels  and  by 

troops  in  the  field  in  areas  outside  the  range  of  permanent 
/ domestic  v/astewater  treatment  facilities  (Reference  1),  In- 

^ deed,  the  Sanitary  Sciences  Division  of  MERADCOM  of  Fort 

Belvoir,  Virginia  is  presently  carrying  out  investigations  in 
the  area  of  human  waste  treatment  to  develop  the  appropriate 
^ control  technologies.  The  present  report  describes  the  re- 

sults of  a study  that  was  carried  out  by  HYDRONAUTICS,  Incor- 
porated, u_nder  the  support  of  MERADCOM,  to  assess  the  fea- 
sibility of  using  cross-flow  microfiltration  (utilizing  pro- 
) prletary  porous  plastic  tubes,  called  HYDROPERI'f",  developed 

' by  HYDRONAUTICS,  Incorporated)  as  a principal  unit  operation 

^ in  the  treatment  of  human  wastes. 

I A discussion  of  the  nature  of  the  vraste-disposal  problem 

that  is  addressed  in  the  present  study  is  contained  in  Section 
^ II  of  this  report.  Section  II  also  contains  a concise  state- 

\ ment  of  the  objectives  of  the  present  study,  A description  of 

' the  principal  features  of  the  PIYDROPERM  System  are  given  in 

Section  III,  while  a description  of  the  experimental  apparatus 
j as  well  as  the  test  procedures  used  in  the  present  study  are 

given  in  Section  IV,  The  experimental  results  themselves  as 
v.'ell  as  their  implications  are  discussed  in  Section  V.  Though 
the  present  investigation  is  a preliminary  feasibility  study, 
some  engineering  economic  estimates*  on  actual  systems  as  they 
may  be  used  in  practice  are  also  Included  in  Section  V.  Fi- 
nally,  som.e  concluding  reriarks  and  recommendations  are  given 
in  Section  VI, 


* Those  estimates  were  carried  out,  under  a subcontract  with 
HYDRONAUTICS,  Incorporated,  by  Dr,  John  A,  Brovm  of  John 
Brown  Associates,  Incorporated. 
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II.  DISCUSSION  OF  TIEE  PROBLEM 
II.  1 Natui’e  of  the  Problem 


As  already  mentioned  in  Section  I,  Army  operations  re- 
quire huraan-v;aste  treatment  under  a variety  of  scenarios, 
aboard  Army  vessels  and  in  field  installations,  to  give  merely 
tivo  examples.  To  ameliorate  the  water  pollution  arising  from 
the  discharge  of  shipboard  wastes  into  the  coastal  zone  and 
inland  watervmys  of  the  United  States,  several  governmental 
agencies  such  as  the  Environmental  Protection  .Agency,  the  Coast 
Guard  and  the  Wavy  have  supported  the  development  of  Marine 
Sanitation  Devices  (MSDs),  As  an  alternative  to  these  MSDs, 
many  of  v/hich  are  still  in  various  stages  of  development,  the 
U.  S.  Navy  has  chosen  a simple  Collection,  Holding  and  Trans- 
fer (CHT)  System  composed  of  state-of-the-art  components.  In 
the  CHT  concept  (Reference  2,  for  exa.mple),  the  human  wastes 
are  simply  collected  and  held  in  a holding  tank  while  the  ship 
is  in  restricted  waters,  with  the  collected  wastes  being  even- 
tually pu.mned  out  to  a shoreside  treatment  facility  v;hen  the 
ship  enters  a port. 

The  CHT  concept  is  especially  suited  to  Army  requirements 
since  most  of  the  Army  watercraft  are  relatively  small  in  size 
(typically  v/ith  5-  to  l4-man  crews).  The  concept  is  even  more 
attractive  if  the  required  holding  capacity  can  be  increased 
by  utilizing  recirculating  chemical  toilets  or  reduced-volume 
flush  commodes.  Such  concepts  are  also  attractive  for  applica- 
tion in  .Army  field  installations,  where  the  amount  of  human 
v/astes  generated  in  field  latrines  can  be  significantly  re- 
duced by  using  recirculating  toilets, 

".Tnen  reduced-volume  systems  such  as  the  ones  mentioned 
above  are  utilized  for  collecting  and  holding  hum.an  wastes, 
it  is  necessary  to  develop  nev;  methods  for  handling  and  treat- 
ing these  v/astes.  It  is  relevant  to  emphasize  here  that  these 
concentrated  v/astes,  which  typically  contain  one  or  more  per- 
cent of  solids,  are  neither  like  the  relatively  less  concen- 
trated v/astes  encountered  in  municipal  sev/age  treatment  prac- 
tice, nor  of  the  consistency  of  sludge  resulting  from  bio- 
logical digestion  of  rav/  v/astes. _ Thus  the  sludge  dewatering 
and  disposal  techjaiques  developed  for  municipal  sewage  are 
not  directly  applicable  in  the  present  context,  at  least  not 
wlt.hout  further  Intermediate  treatment  steps.  It  should  also 
be  noted  that  a.ny  ti-eatmont  m.ethodology  that  is  developed 
needs  to  be  flexible  and  versatile,  since  it  may  be  required 
to  treat  shipboard  wastes  in  situ,  treat  v/astes  collected 
from  several  ships  at  a shorslde  facility,  or  treat  v/astes 
from  field  latrines.  The  objective  of  the  present  study  v/as 
to  investigate  the  feasibility  of  using  the  IffOROPElLM  system 
an  a principal  unit  operation  in  the  treatment  methodology. 
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Witer  management  and  v;astewater  treatment  are  required  In 
Arm.y  operations  in  other  contexts'  as  well.  In  areas  of  limit- 
ed water  availability,  the  best  system  for  field  application 
is  one  which  emphasizes  water  recycle  and  reuse.  Such  a sys- 
tem. may  be  I'equlred  to  treat  the  combined  wastes  from  laundries, 
galleys,  shoivers,  and  other  sources,  with  options  for  the  re- 
cycle, reuse  oi’  discharge  of  the  treated  wastev/aters . The 
MUST  system,  currently  under  developm.ent  for  use  in  Army  field 
hospitals,  is  a good  example  of  such  a system  (Reference  3). 

In  all  these  system.s  efficient  removal  of  suspended  and  col- 
lodial  solids  from  the  waste  streams  is  a necessary  prerequi- 
site before  further  treatment.  For  example,  advanced  treat- 
ment processes  such  as  reverse  osmosis  or  carbon  adsorption  do 
not  function  successfully  in  the  presence  of  fine  solids,  since, 
under  these  conditions,  the  RO  membranes  and  the  carbon  columns 
experience  severe  clogging  and  attendant  flux  decline.  The 
H'fDROPELT'I  system  is  ideally  suited  for  the  pretreatment  ofviaste- 
v/aters  prior  to  the  use  of  advanced  tertiary  treatment  methods 
of  the  type  mentioned  above. 

IT . 2 Available  Treatment  Systems 

There  are  three  general  classes  of  treatment  systems  which 
are  available  for  treating  the  types  of  wastew'aters  under  con- 
sideration here,  nam.ely,  biological,  chemical  and  physical. 

■■Jhile  biological  treatment  methods  such  as  the  activated  sludge 
process,  trickling  filtration  and  storage  oxidation  lagoons 
ha’ve  been  used  extensively  in  municipal  sewage  treatm.ent,  they 
are  unsuitable  for  handling  the  relatively  sm.all  volumes  of 
concentrated  sev;age  of  concern  here.  Also,  the  biological  sys- 
tems are  inherently  neither  compact  nor  portable,  which  are 
.necessary  requirem.ents  for  field  or  shipboard  application. 
■Jhemical  treatment  methods  such  as  coagulation  and  flocculation 
often  produce  hydrous  sludges  which  are  difficult  to  dispose  of 
and  are  also  unsuited  for  the  relatively  concentrated  v;astes  of 
concern  here. 

A third  class  of  treatment  system,  one  which  utilizes  a 
physical  principle  such  as  filtration,  centrifugation  or  vacuum 
drying,  is  better  able  to  fulfill  the  requirements  of  compact- 
ness, portability  and  flexibility.  For  example,  the  MUST  water 
renovation  syste.m  already  mentioned  above  (Reference  3)j  uti- 
lizes many  physical-treatment  unit  operations  such  as  ultra- 
filtration  and  reverse  osmosis.  Several  authors  have  also  in- 
vestigated the  feasibility  of  utilizing  m.embrane  filtration 
processes,  such  as  ultrafiltration  (Reference  4)  and  reverse 
osmosis  (Reference  3),  for  the  treatment  of  rav\'  municipal  sew- 
age effluents.  Thus,  it  is  logical  to  investiage  the  feasi- 
bility of  utilizing  physical  filtration,  either  alone  or  to- 
gether with  other  physical  processes,  for  the  treatment  of  the 
v/astes  of  concern  here. 
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Filtration  processes  can  be  ti^^ouped  Into  tv/o  broad  cat- 
egories: noi'mal-flow;  and  cross-i'loiv  ty]:>es.  In  the  former, 

the  flov/  of  the  wastev/ater  is  normal  to  the  filter  surface, 
so  that  the  separated  solids  continuously  accumulate  on  it, 
cause  a steady  decline  in  filtration  rate  when  the  pressure 
differential  across  the  filtei-  m.edium  is  held  constant  and 
necessitate  regular  backwashing.  Activated  carbon  and  multi- 
media filters  belong  to  this  category,  ancJ  tliey  operate  ef- 
ficiently only  when  the  suspended-solid  content  of  tiie  v;aste- 
v/ater  to  be  treated  is  quite  lov/.  Hov;ever,  it  has  recently 
been  demonstrated  (Reference  1)  that  a variation  of  the  con- 
ventional vacuum  drum  filter  technique  can  be  used  to  suc- 
cessfully treat  concentrated  wastes  of  the  type  of  concern 
here.  In  this  technique,  a fairly  thick  (2,5  to  13  cm)  pre- 
caot  of  diatomaceous  earth  is  depolsted  on  the  rotating  drum 
of  a conventional  vacuum  filter  prior  to  the  start  of  the 
fllti-ation,  and  a knife  edge  driven  by  a micrometer  drive  is 
utilized  to  continuously  scrape  off  the  precoat  and  the  solids 
accumulating  on  it  as  filtration  proceeds.  Of  course,  every 
technique  requires  the  eventual  disposal  of  the  sludge. 

In  cross -flov;  filtration  (Figure  1),  the  flow  of  the 
wastewater  is  parallel  to  the  filter  surface,  so  that  the  con- 
tinuous accumulation  of  the  filtered  solids  on  it  can  be  pre- 
vented by  the  hydrodynamic  shear  exerted  by  the  wastev/aters 
as  they  flov;  past  the  filter  surface.  Thus,  as  filtration 
proceeds,  the  concentration  of  solids  in  the  feed  will  con- 
tinuously increase,  and  filtration  can  be  continued  until  a 
sludge  of  a desired  concentration  if  formed.  In  other  v;ords, 
cross-flow  filtration  affords,  at  least  in  principle'^’,  the 
possibility  of  quasi-steady  state  operation  with  a nearly  con- 
stant filti'ute  flux  v;hen  the  driving  pressure  differential 
■■croL'r  the  filter  surface  is  held  constant  (xteference  6). 

The  iriHROPLRM  filtration  tubes  belong  to  the  general 
class  of  filters  which  can  be  grouped  under  cross-flow  micro- 
filters. however,  the  IlYDROPERM  tubes  possess  the  important 
feature  that  their  physical  characteristics  (such  as  tube 
diameter,  wall  thickness,  porosity  and  pore-size  distribution) 
can  bo  controlled  closely  during  the  manufacturing  process. 
.•/1th  HYDRO  PERI'.,  the  pore-size  distribution  of  the  tubes  can  be 
selected  for  the  size  and  th.e  nature  of  the  particulates  in  a 
given  feed  stream,  so  as  to  obtain  optimum  filtration  per- 
formance. A detailed  description  of  the  features  of  ilYDROPERM 
•.•;ill  be  deferred  until  Section  III. 


In  actual  pi-actice,  a relatively  slov;  flux  decline  will 
nevertheless  occur,  requiring  ''cleaning"  of  the  filter 
surface  over  relatively  longer  intervals,  say,  of  the 
order  of  once  every  one-hundred  hours  of  operation. 
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11,3  Sneclflc  Objectives  of  the  Present  Study 


In  light  of  the  background  discussions  given  above,  it  is 
now  possible  to  view  the  specific  objectives  of  the  present 
study  in  their  proper  perspective.  Tlie  pi-incipal  objective  of 
the  study  was  to  examine  the  feasibility  of  utilizing  IIYUROPEIiM 
filtration  to  further  reduce  the  volume  of  the  wasteivaters  from 
recirculating  or  portable  chemical  toilets.  The  fi Itrate  was 
required  to  satisfy  either  directly  or  after  minimal  further 
treatment  (such  as  ozonation  or  chlorination)  the  following  re- 
quirements: less  than  150  mg/t  of  suspended  solids  and  1000 

fecal  conform  bacteria  per  100  mi  of  the  permeate.  The  fil- 
trate is  also  rea_uired  to  be  of  sufficient  quality  that  it  can 
be  successfully  treated  for  water  renovation  by  advanced  ter- 
tiary methods  like  reverse  osmosis.  The  concentrate  produced 
by  the  HYDROPER:-!  unit  operation  is  required  to  be  sufficiently 
thick  GO  as  to  afford  further  treatment  by  sludge -thickening 
and  handling  processes  such  as  the  Carver-Greenfield  Process*, 

The  specific  objectives  of  the  present  study  v/ere  then  to 
conduct  a prelim.inary  optimization  study  in  terms  of  ''select- 
ing'' the  HYDROPER!-!  System  for  the  given  effluent  under  con- 
sideration by  choosing  the  appropriate  pore  structure  of  the 
tubes  as  ivell  as  the  test  conditions.  An  i.mportant  objective 
v;as  to  assess  the  degree  to  which  the  already  concentrated 
wastes  can  be  concentrated  further  using  HYDROPERI-i  filtrati.on, 
before  utilizing  a sludge  dewatering  process.  In  this  regard, 
it  should  be  emphasized  that  the  basic  lim.itation  in  achieving 
a high  concentration  of  solids  in  the  feed  is  not  the  inabil- 
ity of  the  IIYDRCPERI-I  tubes  to  handle  such  wastes,  but  rather 
w'as  associated  v:ith  the  difficulty  of  pumping  thick  sewage 
slurries.  It  should  be  noted  that  sev/age  slurries  v;ith  even 
three  to  four  rercent  of  solids  can  be  quite  thixotropic  in 
nature . 

To  m.ake  the  study  comprehensive,  one  of  the  objectives 
was  to  process  the  concentrate  produced  by  the  HYDROPERI-I  System 


The  Carver-Greenfield  Process  (Reference  7)  is  an  oil-based 
evaporative -drying  technique  v.'hlch  produces  dry,  sterile 
solids  from  sev.’age  sludge.  ]n  the  process,  the  sludge  to 
be  treated  is  fluidized  by  addition  of  a special  oil  and 
the  mixture  is  evaporated  under  a controlled  temperature. 
Since  the  water  evaporates  at  a lower  temperature  than 
the  oil,  the  water  in  the  mixture  can  be  driven  off  with- 
out the  loss  of  cJ-1.  Tne  solids  are  then  removed  by  cen- 
trifugation and  the  oil  is  recycled. 
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using  the  Carver-Greenfield  Process*,  Since  the  ultimate  fea- 
sibility of  such  a sev/age  treatment  system  may  be  as  strongly 
influenced  by  economic  considerations  as  others,  a brief  eco- 
nomic assessment  was  also  undertaken. 

It  should  be  emphasized  that  the  present  study  was  a pre- 
liminary, feasibility  study;  as  such,  many  aspects  which  are 
important  for  a final-system  design  (such  as  the  long-term 
flux  behavior  of  the  tubes  over  hundreds  of  hours  of  operation) 
were  not  addressed  in  the  present  study.  It  is  hoped  that 
these  aspects  can  be  Investigated  in  future  follow-on  programs. 
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III.  THE  HYDROPERlf"  SYSTEM 


III.l  Description  of  the  System 

Tlie  "heart"  of  the  HYDROPERM  System  is  the  IFYDROPERM 
microfiltration  tube  which  is  manufactured  by  HYDRONAUTICS, 
Incorporated  using  a proprietary  process.  As  mentioned  ear- 
lier, the  Important  feature  of  these  tubes  is  that  their  pore 
sti’ucture  can  be  varied  over  a wide  range  during  the  manu- 
facturing process.  Three  typical  pore  size  distributions  are 
shown  in  Figure  2.  Tube  I has  a rather  "flat"  distribution 
with  the  pores  ranging  in  size  from  2 microns  to  10  microns. 

On  the  other  hand.  Tube  III  has  a "peaked"  distribution,  with 
most  of  the  pores  being  in  the  2 micron  range.  Tube  II  has 
an  intermediate  distribution. 

Other  properties  of  the  tubes  can  also  be  varied  in  a 
controlled  manner.  For  example,  in  Figure  2,  Tubes  I and  III 
have  a porosity  of  65^,  while  Tube  II  has  an  8o^  porosity. 

The  tubes  can  also  be  made  from  many  thermoplastics  and,  to 
date,  tubes  of  Polyethylene, . Nylon,  PVC  and  Noryl  have  been 
produced.  Tubes  I and  II  in  Figure  2 are  made  from  Polyeth- 
ylene, v;hile  Tube  III  is  m.ade  from  Nylon,  These  features  are 
of  crucial  Importance  in  determining  the  performance  of  a 
given  tube  when  it  is  used  with  a specific  effluent,  as  can 
be  seen  by  considering  a fairly  simple  model  for  the  filtra- 
tion process.  In  general,  any  effluent  from  v/hlch  suspended 
solids  removal  is  desired  will  contain  a wide  range  of  par- 
ticulates, ranging  in  diameter  from  several  microns  to  col- 
loidal dimensions.  When  such  effluents  are  circulated  through 
the  Inside  of  a tubular  filter  such  as  HYDROPSRI'I,  whose  walls 
act  as  "in-depth"  filters,  particulates  which  are  larger  than 
the  largest  pore  of  the  tubes  will  be  retained  on  the  inside 
walls  of  the  tubes,  while  particles  v/hlch  are  of  smaller  size 
•will  gradually  penetrate  into  the  wall  matrix.  Clearly,  the 
filtration  performance  of  the  tubes  (both  as  to  flux  rates 
and  permeate  quality)  will  depend  upon  the  manner  in  v/hich 
the  smaller  particles  are  retained  within  the  filter  matrix 
and  upon  the  properties  of  the  "cake'"  that  may  be  formed  by 
tiie  larger  particles  retained  at  the  tube  walls.  Continu- 
ous buildup  of  the  cake  is  of  course  prevented  by  the  shear 
exerted  by  the  circulating  feed  flow  within  the  tubes. 

From  the  simple  model  described  above,  it  is  clear  that 
there  is  a close  relationship  between  the  size  of  the  par- 
ticles in  the  feed  and  the  size  of  the  pores  in  the  tubes, 
and  that,  for  optimum  performance,  the  tubes  will  have  to  be 
selected  for  a given  effluent.  Tlae  important  feature  of  the 
HYDROPERIi  tubes  is  indeed  that  they  afford  such  "selection" 
and  laboratory  tests  with  a wide  variety  of  effluents  have 
conclusively  demonstrated  (References  8 and  11)  the  practical 
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utility  of  such  a selection.  Before  undertaking  comprehensive 
tests  with  any  new  effluent.  It  is  our  practice  to  conduct  pre- 
liminary ''screening"  tests  with  tubes  of  different  pore-size 
distributions  to  determine  which  are  the  best  suited  to  the 
specific  efflvient  under  consideration;  more  detailed  tests  are 
then  done  with  the  tube.  Examples  v;hich  illustrate  the  selec- 
tion procedure  will  be  given  in  Section  IV. 

In  actual  application,  the  tubes  are  used  in  bundles 
secured  together  at  their  ends  by  suitable  fittings,  and  these 
"modules”  constitute  the  basic  "building  blocks"  of  a filtra- 
tion system.  Tlie  modules  can  be  arranged  in  any  manner  desir- 
ed, and  the  waste  waters  are  circulated,  under  pressure  (us- 
ually 0.35  - 3.5kg/cm^),  through  the  modules.  The  filtrate 
which  permeates  through  the  tubes  is  collected  using  appro- 
oriately  designed  equipment.  A "typical"  module  is  shov/n  in 
Figure  3.  This  m.odule  has  242  tubes,  each  approximately  1.5 
meters  long,  and  has  a total  filtration  area  of  7-^  square 
meters . 

irhen  compared  v?ith  other  systems,  HYDRO PEK4  offers  sev- 
eral unique  advantages.  These  are  summarized  below: 

(i)  Comcactness : HYDROPSRM  filtration  systems,  unlike 

biological  and  chemical  systems,  do  not  require 
large  areas.  Indeed,  they  can  be  engineered  to 
fit  available  space, 

(il)  Flexibility;  Since  the  HYDROPERM  systems  can  be 
produced  in  a v/ide  range  of  sizes,  and  since  con- 
struction is  modular,  no  scale-up  problems  are  in- 
volved . 

(iii)  Versatility:  Since  the  HYDROPERM  System,  is  excel- 
lent for  the  removal  of  suspended  solids  and  oils, 
the  permeatie  can  be  either  directly  recycled  in 
cases  v.'here  the  presence  of  dissolved  solids  does 
pc-  oar  such  v/ater  reuse,  or  it  can  be  treated 
further  v.'ith  tertiary  systems  where  high  quality 
product  ’xater  is  required  either  for  reuse  or 
discharge , 


; ( Tv)  Rugvedness : Since  they  are  miade  from  inert  thermo- 

\ plastics,  the  performance  of  IIYDROPER-I  tubes  does 

not  depend,  in  general,  on  changes  in  influent  pH, 
Moreover,  due  to  their  rugged  structure  and  low 
‘a  operating  pressure,  H'YDROPERi  modules  are  not  sub- 

/ ject  to  the  fouling  and  leaking  problems  that 

' have  plagued  some  membrane  systems;  nor  are  they 

i subject  to  clogging  in  the  presence  of  oily  viastes. 


1! 
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(v)  Ease  of  Maintenance:  E.ecause  of  their  ruggedness 

and  modular  cons truction^  HYDROPERii  systems  are 
easy  to  maintain.  They  can  be  engineered  in  such 
a way  that  a failure  in  a given  module  causes  only 
a small  part  of  the  total  system  to  be  shut  down. 

(vi)  Product  Recovery:  Since  no  chemical  changes  are 

iiivoivedj  product  recovery  is  possible. 

Hie  virtually  total  absence  of  suspended  solids  in  the 
pemeate  from  the  IIYDROPEPJi  tubes  makes  the  permeate  ideally 
suited  for  further  treatment  for  the  removal  of  dissolved 
solids  by  optimal  existing  reverse  osmosis  membrane  systems, 
so  as  to  produce  a completely  reusable  product  water.  It 
should  be  noted  that  commercially  available  cost-effective  RO 
mem.brane  systems  perform  rather  poorly  in  the  presence  of  fine 
suspended  solids,  due  to  the  formation  of  deposits  and  clog- 
ging at  the  membrane  surface.  Thus,  there  is,  in  general,  a 
rapid  decline  of  the  product-water  flux  to  unacceptably  lov/ 
values.  However,  w'hen  the  membrane  modules  are  supplied  with 
the  high  quality  permeate  from  the  irfDROPEPiM  system,  no  such 
difficulties  should  arise,  because  of  the  virtually  total 
absence  of  suspended  solids  in  the  permeate.  Therefore,  the 
unique  combination  of  the  proprietary  HYDROPERM  system  and  a 
reverse  osmosis  membrane  system  should  be  capable  of  produc- 
ing reusable  product  water  from  numerous  inudstrial  or  domes- 
tic effluents. 

1 1 1 . 2 Previous  Tests  v/ith  Sev/age  Effluents 

Humerous  laboratory  and  field  tests  have  been  carried  out 
v/ith  HYDROPERM  filtration  of  a variety  of  waste  effluents, 
dince  these  tests  have  been  described  fully  elsev.’here  (Ref- 
erences B-11),  they  w'ill  not  be  discussed  here.  However,  it 
is  relevant  to  review  here  previous  tests  on  HYTDROPERM  fil- 
tration of  sewage  effluents.  Tests  have  been  coniucted  with 
both  dilute  untreated  sewage  effluents  and  concentrated  di- 
gested municipal  sludge.  In  both  tests,  HYDROPSRM 

tubes  demonstrated  the  ability  for  almost  total  removal  of 
suspended  solids.  Hne  untreated  raw  wastes  tested  had  a 
total -solids  content  of  about  750  mg/t  of  which  about  120 
mg/t  was  suspended  solids.  The  filtrate  v/as  almost  free  of 
suspended  solids  and  BOD  rejection  w^as  about  90  j.  Feed  coli- 
fom.'i  bacteria  was  reduced  from  about  1,100/100  nl  in  the  feed 
to  about  3, '100  mt  in  the  permeate. 

T!ie  digested  sludge  tested  had  a total  solids  content  of 

1 3.000  mg/t  of  wiiicli  the  suspended  solids  accounted  for  about 

16.000  mg/t.  The  BOD  of  the  feed  v/as  2,600  mg/t  and  the 

These  tests  were  conducted  at  irfDR0NA.UTICS,  Incorporated 
by  J.  Ricklis  and  A.  Gollan. 
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conform  count  wac  over  one  million.  Again,  the  filtrate  was 
nearly  free  of  suspended  solids  even  at  these  high  feed  con- 
centrations. BOD  reduction  v;as  again  about  90/^  -md  there  was 
almost  total  removal  of  the  fecal  conform  bacteria  with  the 
values  in  the  feed  and  the  permeate  being  respectively, 
1,100,000/100  mt  and  11/100  mi.  One  Interesting  result  of 
these  tests  that  is  worth  emphasizing  is  that  the  HYDROPBRM 
tubes  displayed,  in  spite  of  their  m.icron-sized  pores,  sig- 
riificant  removal  capability  for  total  nitrogen  and  phosphates. 
In  the  sludge  tests  the  total  nitrogen  concentrations  of  the 
feed  and  permeate  v/ere,  respectively,  1,390  mg/t  and  200  mg/t, 
while  the  corresponding  values  for  phosphates  v;ere  3^0  mg/t 
•nid  62  mg/t.  These  rather  surprising  results  have  to  be  view- 
ed in  terms  of  the  in-depth  filtration  characteristics  of  the 
ilYDROPBRIi  tubes  and  the  "dynamic  membrane"  that  probably  forms 
on  their  inner  walls. 

One  other  feature  of  HYDROPERM  tubes  that  is  vjorth  noting 
in  the  present  context  is  their  ability  to  separate  oil-water 
emulsions  (References  8 and  9)*  As  will  be  seen  in  Section  V, 
tills  feature  of  the  tubes  ivas  used  to  advantage  in  the  present 
study. 
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IV,  EXPERirffiNTAL  APPARATUS  AND  TEST  PROCEDUIffiS 


IV.  1 'Eie  Test  Loops 

Tlie  laboratory  experiments  described  in  the  present  re- 
port consisted  of  tests  v/ith  mostly  single  HY13R0PERM  tubes, 
though  tests  v;ith  small  modules  containing  a "b’ondle''  of  sev- 
eral tubes  have  also  been  performed.  The  inside  diameters  of 
the  single  tubes  were  either  6 mm.  or  91^5  they  had  a 

length  of  about  46  cm  so  that  their  filtration-surface  area 
ranged  from  about  86  cm^  (13  In.^)  to  I30  c.m^  (20  in.^).  A 
schematic  view  of  a typical  single-tube  test  loop  is  shown  in 
Figure  4.  As  Indicated  on  the  figure,  the  loops  contain  a 
feed  reservoir  (~  11  liters  capacity),  a circulating  pump,  a 
flow  meter,  pressure  gauges  to  measure  pressure  deops  over 
the  length  of  the  tubing  being  tested  and  appropriate  valv- 
ing. To  ensure  proper  hygenlc  conditions,  the  tests  v;ere  con- 
ducted in  a small,  self-contained  shed;  see  Figure  5. 


Basically,  two  different  mode 
carrying  out  the  tests.  In  the  fi 
often  used  in  the  tests  and  Simula 
operation,  the  permeate  is  rem.lxed 
that  (except  for  evaporation  losse 
culating  feed,  as  v;ell  as  its  susp 
rem.ain  constant.  The  feed  in  the 
appropriate  intervals  to  eliminate 
due  to  biological  activity  and/or 
Provision  is  also  made  to  compensa 
tional  feed  for  any  loss  in  circul 
evaporation  (see  Flg\J.re  4). 


s of  operation  are  used  when 
rst,  which  is  the  one  most 
tes  " continuous -mode"  field 
into  the  feed  reservoir,  so 
s)  the  vol'om.e  of  the  cir- 
ended-solids  conce.ntration, 
reservoir  is  replaced  at 
changes  in  characteristics 
constant  recirculation, 
te  automatically  v;ith  addi- 
a ting -fluid  volume  due  to 


In  the  second  mode  of  laboratory  tests,  ’which  simulates 
a batchv.’ise  process  in  a field  prototype  system,  the  permeate 
is  collected  in  a separate  re.serv''oir , so  that  the  volume  of 
the  circulating  feed  continuously  decreases  v/hile  its  sus- 
penlo t solids  conceritration  continuously  increases.  In  this 
miO  ;e  of  operation,  the  tests  are  continued  'until  specified 
feed  concentration  is  reached  or  until  the  volume  of  the  feed 
becomes  so  low  that  adequate  pump  suction  from  the  reservoir 
can  no  longer  be  maintained, 

IV. 2 The  VJastes 


The  wastes  tested  in  the  present  study  were  obtained  from 
the  operators  of  portable,  construction-site  toilets,  since 
these  'wastes  v;ere  considered  to  be  most  representative  of  the 
type  of  v/astes  generated  at  Army  field  installations.  In 
general,  these  wastes  contained  various  additives  such  as 
preservatives  (usually  fomaldehyde ) , coloring  agents  (blue- 
green  dyes)  and  odor-masking  compounds  (such  as  pine  oil). 
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They  also  had  rather  unusual  charaoteristlcs , For  example, 
total  solids  determination  was  made  difficult  by  the  apparent- 
ly significant  amount  of  volatile  solids  present  in  the  v;astes. 
Controlled  evaporation  at  55° G under  vacuum  indicated  a total 
solids  content  of  between  1.23/j  and  l,6^o. 

The  wastes  were  also  quite  thixotropic,  and  could  not  be 
filtered  v;ith  standard  filter  papeiq  no  permeation  at  all  oc- 
curred under  gravity  vdien  the  wastes  were  allov/ed  to  stand 
over  a filter  paper  in  a funnel.  Similar  results  v;ere  obtain- 
ed witli  standard  glass  filters  under  vacuum.  Thus  the  sus- 
pended solids  content  of  the  wastes  were  estimated  using  cen- 
trifugation, Centrifuging  of  the  wastes  for  three  hours  at 
3,000  rpm  yielded  a value  for  suspended  solids  content  of 
about  4,300  mg/t.  However,  because  of  the  reasons  already 
outlined,  the  above  figure  has  to  be  regarded  as  an  estimate. 
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V,  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


V,  1 Preliminary  Scroenlnf;  Tests 


Aa  mentioned  in  Section  IIj  the  important  feature  of  the 
IIYDROPERI-I  tubes  is  indeed  that  they  can  be  selected  for  any 
ijlven  cfflrent^  in  the  sense  tliat  their  essential  character- 
istics (such  as  pore-size  distribution)  and  operating  condi- 
tions can  be  varied  to  obtain  the  best  possible  performance 
v.'lth  the  specific  feed  imder  consideration,  Tiie  selection  is 
accomplished  by  performing  a series  of  screening  tests,  each 
usually  only  a few  hours  in  duration,  on  several  HYDROPERM 
tubes  (with  a v;ide  range  of  characteristics)  over  a range  of 
operating  condition  (such  as  circulation  velocity  and  pres- 
sure). The  present  study  began  with  several  such  ''screening" 
tests  Oil  various  HYDROPERM  tubes. 

Tlie  first  test  v;as  done  v/ith  a 9 I.D.,  Polyethylene 

HYDROPERM  tube  with  a porosity  of  65/j  and  a v;all  thickness  of 
1 mm.  The  pore-size  distribution  of  the  tube  used  is  shown 
in  Figure  6(a).  The  test  conditions  were  0.35  kg/cm^  filtra- 
tion pressure  and  an  internal  circulation  velocity  of  1.8 
m/sec,  Tlie  initial  flux  from  this  tube  was  559  t/m^ -day, 
while  the  permeate  was  relatively  clear,  v/lth  a light  blue- 
green  color,  and  free  of  any  suspended  solids.  After  one  hour 
of  continuous  filtration  at  a constant-concentration  mode 
'that  is,  ’with  the  permeate  being  remixed  into  the  holding 
reservoir),  the  flux  dropped  to  387  L/m® -day,  ana  after  five 
hours  to  175  b/m®  -day.  In  viev;  of  the  relatively  thick  and 
lifflcult  nature  of  the  v/aste,  the  above  results  were  in  them- 
selves not  unsatisfactory;  ho'wever,  it  was  believed  that  bet- 
ter results  v;ere  possible.  Thus,  this  test  was  discontinued 
after  five  hours. 

Tn  tlie  second  test,  the  wastes  v;ere  first  put  through  a 
10-mesh  sieve  to  see  what  effect  this  might  have  on  filtra- 
Lon  performance;  all  other  conditions  v;ere  identical  to  those 
in  the  first  test.  Sieving  did  seem  to  improve  the  initial 
flux,  which  was  now  991  b/m^ -day.  However,  after  three  hours 
of  operation,  the  flux  was  essentially  the  same  as  in  the 
first  test.  Again,  the  test  ivas  discontinued  at  this  point, 

In  a third  test,  again  the  same  tube  was  used  but  v/ith 
tlie  test  conditions  now  being  changed  to  3.3  m/sec  velocity 
and  0.7  kg/cm^  pressure.  Hov/ever,  the  performance  did  not 
change  ma''kedly,  with  the  initial  flux  being  6o4  b/m^  -day  and 
the  flux  after  3 hours  being  I63  b/m^-day. 

Screening  tests  were  also  done  with  a number  of  other 
tube  types  v/ith  varying  results.  All  of  these  tests  need  not 
be  described  in  detail  here.  Suffice  it  to  say  that  the  best 
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results  v.'ere  obtained  with  three  different  types  of  tubes  and 
that  these  v;ere  chosen  for  further  more  detailed  tests.  All 
three  of  th.ese  tubes  liad  relatively  hif3h  liiitial  fluxes  (more 
than  816  t/in'-day)  and  relatively  small  flux  declines.  Also, 
all  three  of  the  tubes  were  of  9 inside  diameter  and  1 mm 
v;ail  thickness,  though  two  of  the  tubes  v;ere  made  from  Nylon 
and  the  third  from.  Polyethylene,  The  two  Nylon  tubes  had  a 
uorosity  of  63'-,  w'ith  one  having  a pore  structure  identical 
to  tlrit  sh.own  in  Figure  2 (Tube  III);  th.e  other  had  a pore- 
size  distribution  which  was  somev/hat  less  peaked  and  had  the 
maxirAum  mm'.ber  of  pores  at  a somevdiat  larger  pore  size.  The 
polyeth.ylene  tube  had  a porosity  of  80fj  and  its  pore-size  dis- 
tribution is  shov.Ti  in  Figure  2 (Tube  II). 

Since  the  two  Nylon  tubes  had  very  similar  pore  structures 
anl  had  very  similar  performance,  no  specific  distinction  vjill 
be  made  betv/een  them.  in. the  discussions  given  below  with  both 
bein.g  referred  to  simply  as  Nylon  tubes:  the  third  tube  will 
be  referred  to  as  the  Polyethylene  tube'^'. 

It  'was  also  learned  from  the  screening  tests  that,  in 
general,  a smaller  filtration  pressure  is  to  be  preferred  over 
a larger  one  since,  even  though  the  higher  pressures  yield 
hi.gher  initial  fluxes,  they  also  lead  to  much  larger  flux  de- 
clines. For  example,  at  a filtration  pressure  of  0.2  kg/cm^ 

A.ni  a circulating  velocity  of  3-3  m/sec  the  Nylon  tube  yield- 
ed a.n  iriitial  flux  of  1,195  t/m® -day  and  after  tv:enty  hours 
of  continuous  operation  a flux  of  598  -t/m^ -day.  The  detailed 
re.suLts  from,  this  test  are  shov;n  in  Figure  7- 

. 2 Concentration  Tests 

•ill  of  the  "screening"  tests  described  above  were  con- 
rueted  in  -/no  constant-concentration  miode  in  v.'hich  the  per- 
.v.eate  from,  the  t’ubes  is  continuously  remixed  into  the  feed 
rerei’voir.  Thus,  both  the  total  •vo.lume  of  the  feed  being 
processed  as  well  as  its  concentration  alv/ays  rem.ain  constant 
lurin.g  th.e  tests.  V.l'iile  this  m;ode  of  operation  is  desirable 
for  the  rapi.i  .screening  of  different  tubes,  the  ultimate  ap- 
rllcatioi:  of  the  tubes  requires  that  they  treat  a waste  v;hich 
is  of  increasingly  higher  concentrations;  that  is,  they  are 
roquired  to  produce  concentrated  sludge  and  clear  permeate 
from  the  initial  wastes.  Thus  tests  'were  also  conducted  with 
she  selected  Nylon  and  Polyethylene  tubes  in  "concentration 
m.olos.”  Inere  v;ere  two  different  types  of  experiments  that 


Of  cour.se,  tliis  terminology  is  for  convenience  only.  Itie 
actual  material  uso(]  in  the  construction  of  the  tubes  is 
of  secondary  importance  in  determining  the  performance; 
pore  structure  and  pore-size  distribution  are  uhe  funda- 
mental parameters. 
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v;ere  conducted  under  this  classification.  In  the  first,  v/hich 
can  be  tenned  the  "batch-concentration  mode,"  the  permeate  is 
continuously  withdravm  from  the  system  (which  is  started  v/lth 
an  Initial  fixed  volume  of  feed  wastes),  so  that  the  concen- 
tration of  the  circulatin;^  wastes  continuously  Increases  and 
the  total  volume  of  the  circulating  v/astes  continuously  de- 
creases, Tn  the  second,  which  can  be  tenned  the  "constant- 
voliune  mole,”  fresh  feed  is  added  continuously  to  the  waste 
holding  reservoir  at  the  same  rate  that  the  permeate  is  pro- 
duced, so  that  the  vo iimie  of  the  circulating  fluid  alviays  re- 
mains constant;  the  concentration  of  the  feed,  of  course,  con- 
tinuously increases. 

The  constant-volume  tests  were  done  with  the  Ny].on  tube 
described  earlier  (pore  structure  analogous  to  that  of  Tube 
III  in  Figure  2),  The  test  pressure  'was  0,l4  kg/cm^  and  the 
test  temperature  was  about  25° C,  The  circulating  velocity 
through  the  tube  (v/hich  had  an  I,D,  of  Sr:n)  v/as  3>3  m/sec. 

The  volume  of  the  wastes  used  in  the  test  v/as  about  7,6  liters. 

The  test  results  are  shown  in  detail  in  Figure  8,  The 
initial  permeate  flux  v;as  about  1,020  -day,  and  after  a 

little  more  than  one  hour,  the  flux  had  decreased  to  about 
-1-39  t/m“  -day.  Hov/ever,  thenceforth,  the  flux  remained  nearly 
constant  at  the  latter  value  (see  Figure  3)  despite  the  fact 
that  the  co2acenti’ation  v;as  increasing  steadily,  Kote  that  for 
a co.’issant-volume  mode,  the  concentration  must  increase  lin- 
early ’With  the  amount  of  permeate  produced,  ’with  the  actual 
f’unctional  relationship  being 

V 

C [1 

V.  ^i 


where  Cj  and  C are  respectively  the  initial  concentration  and 
th.e  concentration  at  any  subsequent  time,  Vq  is  the  total 
volume  of  the  pemeatc  produced  up  to  the  tirrie  under  consid- 
eration and  V'i  is  the  initial  feed  volume  (equal  to  the  vol- 
ume of  the  circulating  flow) . In  the  derivation  of  Equation 
[1],  we  have  assumed  that  all  of  the  suspended  solids  are  re- 
tained within  the  system  by  the  tubes  and  that  there  is  a con- 
servation (w'ith  time)  of  these  solids  within  the  test  setup. 
ITie  former  assumption  is  justified  by  the  fact  that  the  per- 
meate produced  in  the  tests  is  almost  totally  free  of  sus- 
pended solids;  more  will  be  said  about  the  latter  assunptlon 
in  .".ection  V.6.  Based  on  the  amount  of  oermeate  that  was 
collected,  it  Is  estimated  from  Equation  [1]  that  the  con- 
centration of  solids  in  the  circulating  fl.uid  at  the  end  of 
20  hours  was  about  one  and  one-half  times  that  at  the  start 
of  the  test. 
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It  has  already  been  pointed  out  that  the  concentrated 
.sewage  wastes  used  in  the  present  study  wei'e  quite  thixotropic 
and  dil't’icult  to  pump.  A direct  manifestation  of  this  fact 
was  frequent  pump  failures  and  the  clogging  of  valves  in  the 
tost  loops  duri.ng  the  experiments,  especially  as  the  v/astes 
were  furtlier  concentra ted Thus,  twenty  hours  into  the  con- 
stant-volujae  concentra tlon  test,  there  v/as  a pun'.:)  failure  and 
the  test  had  to  be  Interrupted.  When  the  punp  was  repaired 
and  the  test  was  rosuiiod  v/ith  the  same  feed  after  an  elap.serl 
time  of  .seventy-two  hours,  the  initial  flux  was  6Y0  t/m^ -day, 
but  this  quickly  dropped  to  the  range  of  values  (~  490  t/m“ - 
day)  before  the  Interi’uption  (see  Figure  8). 

The  test  was  continued  for  twenty-four  more  hours  (for  a 
total  of  forty-four  hours)  v/hen  it  had  to  be  interrupted  again 
duo  to  the  clogging  of  a valve  in  the  tost  loop.  The  flux  at 
the  time  of  interruption  was  473  t/m^  -day.  Hov/ever,  it  sho'Uld 
be  noted  that  the  thixotropic  nature  of  the  wastes  also  fre- 
quently caused  significant  uncontrolled  reductions  in  internal 
pressure  (and  hence,  also  the  flux),  especially  v/hen  the  tests 
were  contliiued  unat'tended  during  the  night. 

After  resumption  of  testing,  the  constant-'v'olumo-m.ode 
ouevuation  v.'as  continued  for  t’wenty-three  more  ho'urs  (for  a 
sotal  of  sixty-seven  hours  from  the  start),  with  frequent 
interruptions  due  to  pump  failure  and  valve  cloggin.g.  As  can 
be  seen  from  Figure  8,  the  average  permeate  flux  during  this 
period  was  about  22b  t/m^-day.  From  this  point,  the  test  was 
carried  out  in  a '’batch-concentration  mode";  that  is,  the  per- 
"icate  was  withdrav/n  from  the  system  with  ^ feed  being  added 
to  it.  The  flux  results  for  this  part  of  the  test  are  also 
■chov/n  in  Figure  3,  the  average  flux  being  about  245  t/m^  -day 
iespite  the  increasing  concentration. 

The  conclusion  wh.ich  can  be  draw'n  from  the  test  described 
■ibove  is  th.at  hl'DROPERM  tubes  are  capable  of  producing  es- 
■uentially  su.;pended-solids-free  permeate  at  the  indicated  flux 
levels  even  from  relatively  concentrated,  thixotropic  sewage 
wastes . 

-A  second  concentration  test  v;as  carried  out  using  the 
polyeth,yieno  tube  of  eighty  percent  porosity  (see  Figure  2, 
Tube  II  for  its  pore-size  distribution).  The  ma.jor  drawback 
of  thi.".  tube  is  th'it,  becraise  of  the  large  'voit]  volume  in  its 
'.-/all  matrix,  it  is  relatively  v;eak  and,  therefore,  .susceptible 


These  i-esults  riemonstrate  tliat  in  the  design  of  rilot-scale 
o'r  prototype  plants  to  handle  such  thixotropic  sludges, 
great  care  should  be  taken  in  selecting  the  proper  types  of 
pumps  and  valving. 
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to  failure,  especially  ivhen  used  with  certain  types  of  efflu- 
et\ts.  Nevertheless , it  was  decided  to  carry  out  some  detailed 
studies  'With  this  tube  since  it  displayed  large  values  for  the 
neriaeate  flux  during  the  screening  tests.  For  example,  at  a 
filtration  pressure  of  0.33  kg/cnr  and  circulating-flow  veloc- 
ity of  m/sec,  its  initial  pei-meate  flux  vjas  over  3,o6o 
t/nr-day!  '•.lien  te::to:i  iti  •'i  constant-concentration  mode,  the 
flux  gv^- V decreased  and  after  four  hours  of  operation, 
was  ?,2So  C/r.-r -day.  Later,  however,  there  v:as  a physical  fail- 
's i-e  of  the  tube  and  the  test  had  to  be  discontinued.  To  ensure 
that  tile  fail’ure  was  not  an  anamolous  one  due  to  a random  iin- 
newfection  in  the  t'ube,  the  test  was  repeated  under  identical 
con  iitions  v/ith  a new  tube.  Again,  tube  failure  occurred 
after  six  hours  of  testing. 


tn_n-w 


:erent; 


euoes . 


rolve 


■’ailure  of  the  type  described  above  in  high  porosity, 
.•ailed  tubes  is  due  to  material  fatigue  and  has  been 
;d  extensively  at  HYDRONAUTICS,  Incorporated  in  a dif- 
; c'.ntext.  The  fatigue  failure  of  the  t’ubes  is  sti'ongly 
lent  oia  the  internal  nressure  and  test  temperature,  and 
: prevented  either  by  suitabl;/-  controlling  these  para- 
:•  or  by  taking  appropriate  measures  to  strengthen  the 
The  latiier  course  of  action  involves  using  larger  v/all 
lesses,  stranger  tube  materials  ( s’uch  as  I'[ylon  Instead  of 
fnylene),  incorporation  of  various  strengthening  agents 
: the  tube  matrix  and  mechanical  strengohenlng  of  the 
by  the  use  of  external  supporting  jackets. 


Thus  the  failure  of  the  eighty-percent  porosity  Poly- 
eth.ylene  tubes  during  the  screening  tests  w'as  not  in  itself 
'jonsi.iore.i  to  be  a fatal  flav/  at  this  early  stage  of  Inves- 
■;ig-;;0icn  and  it  was  decided  to  undertake  concentration  tests 
a*;  ••  lo'wor  filtraoicn  press’ure.  If  these  preliminary  results 
were  succe.ssf’ul,  then  Xieans  of  increasing  the  strength  of  the 
■;ubes  (•.■.■h.ile  maintaining  the  pore  structure  and  the  pore- 
. iso  disorib'uticrA  will  clearly  be  'worth  investigating  at  a 
la-..c-r  date.  The  res'j.lts  of  the  test  are  sho'.-.'n  in  Figure  9- 
ih.e  tost  '.■/as  cor.d'acoe  i in  a b.atch-concentration  m.ode  at  a 
■-‘il'.,r-';tion  ni'ess'ure  by’  0,14  'xg/cm^  and  a feed  velocity  of 
3.3  m/.3ec.  As  indicated  in  Figure  9^  the  initial  flux  at  the 
.:'.,';rt  of  the  concentration  •.■;as  983  -day.  The  initial 

volumie  of  the  v;aste  was  abo’at  7.6  liters,  and  the  right-hand 
:'cale  in  Figiire  9 indicates  the  volume  reduction  as  concen- 
■ w w.ion  p'^ocee  ied.  .After  some  thirty-five  ho'urs  of  intermit- 
operation  (the  tests  were  halted  at,  night),  eighty  per- 
cent of  the  initial  volurrie  had  been  removed  from  the  system 
a.'  a relatively  clear  per-m';ate  free  of  any  s’aspended  solids, 
liif'  ccrresporrling  flux  lovol.a  are  also  indicate.!  in  Figure  9 
.mi  ip  can  be  seen  that  these  are  quite  reasonable,  Hie  total 
volume  of  permeate  collected  at  the  end  of  thirty-five  hours 
.•ns  0,131  milliliters  and  this  value  is  In  excellent  agreement 
■■••ith  that  obtained  by  integrating  the  ai-ea  under  the  flux  curve 
In  I'lgure  9,  The  'v^olume  of  concentrated  sludge  remaining  was 
1,490  milliliters. 
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■J  J i t i on 
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to  the  tent  clo;:crvlbe<i  above,  the  name  tube 
i intermi. ttently  iii  the  conntant-conceritra- 


tion  moJe.  Tne  tube  did  ultira.-itely  fail  after  forty-four 
hourn  of  opera t ton.  Thus,  in  summary,  if  the  Polyethylene 
tube  can  be  'idenuately  strengthened,  it  offers  the  potential 
for  yielding  relatively  high  fluxes  while  operating  in  a con- 
centration mode. 


V.3 


lests  U.;i.ng  Oil  PI u Idization 


As  mentioned  earlier 


the  principal  difficulty  in  treat- 
i!ig  the  relatively  concentrated  wastes  of  the  type  of  concern 
hai-e  is  not  that  the  HYDROPllRM  tubes  are  unable  to  handle 
such  v.-astes,  but,  rather,  that  these  wastes  are  extremely 
tiiixotropic , difi'lcul  t to  pump  and  cause  frequent  clogging  of 
valves  and  other  consti-ictions  in  the  test  loops.  To  over- 
come this  difficulty,  a new^  method  of  fluidi: 
tried  earlier  at  iryDROKAUTIGS , Incorporated, 
a fluid  v.’'nich  is  im_m.iscible  with  the 
meate  through  the  IlY’DROPERR  tubes  is  added 


atlon  had  been 
In  this  method 
w'astes  and  does  not  per- 
il e 


to  the  sludge  be- 

circulate.i  through  the  tubes.  Since  the  added 
not  permeate  through  the  tubes,  it  maintains  the 
'.'hile  continuous  dev/atering  is  ac- 
This  technique  had  been  employed  earlier  with 
municlral  se'.-.’age  sludge  by  using  oil  as  fl 
since  HYDROPRRi'I  tubes  have  the  ability 
mixtures  (References  8 and  9)  ■ 


fore  it  i: 
fluid  doe: 
sludge  in  a 
comslished . 


’luidizing  medium, 
to  secarate  oil -water 


.lU  the  present  study,  initial  exploratory  tests  on  the 
oil-fluidization  technique  were  conducted  by  slowly  adding. 


.y  t:;  ib 


specific  amounts  of  Isopar  (whicli  is  a highly 


auring  a 

refined,  white  cetroleum  oil')  to  the  circulating  fluid.  All 
of  the  cil- fluidization  experiments  were  conducted  with  Nylon 
tubes  (with  the  rjore  characteristics  described  earlier)  and 
the  te.st  cressure  and  velocity  W'ere  respectively  0.35  hg/cm^ 
and  1.3  r;'./.sec,  Tiie  first  test  'was  started  with  ■‘.'he  wastes 
alone  and  w’as  run  in  a constant-concentration  mode.  The  ini- 
tial permeate  flux  war:  1,277  f -day.  71  thin  o!'.'^-b.alf  hour 
tile  flux  had  droppej  to  995  *' -day.  A"',  this  point  one 
litei'  of  I.topar  was  added  to  the  feed  tanh,  v.’hich  contained 
about  seven  liters  (2  gallons)  of  ’waste.  Relatively  clear 
effluent  continued  to  per-eate  through  the  tubes.  The  bulk 
of  the  oil  ’was  retained  wi.  iliin  the  circulating  flow  and  the 
very  slight  trace  of  oil  that  appeared  in  the  pcr.meate  cep- 
arated  out  eas.ily  on  -.standing.  The  test  v.'as.  continued  for  a 
total  of  six  hours  with  frequent  addition  of  oil.  The  final 
flux  was  about  439  t/m^-day. 


After  the  initial  tost,  a more  comprehensive  test  v/as 
un-Iertakcn  In  tlie  cons. tant-concentratior.  mode.  The  test  was 
begun  v.'ith  a mixture  of  eciual  parts  of  th.e  waste  and  Isopar, 
The  test  continued  ;imoothly  and  in  an  uninterrupted  fashion 
for  forty-seven  hours.  The  final  pc  meate  flux  v.’as  237  t/m"  • 
day. 
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Coticentra tion  testa  were  also  carried  out  in  the  oil- 
i’luidir.od  mode.  These  tests  were  carried  out  on  6 tnm  r.D. 
Nylon  tubes  with  a pore  structure  similar  to  that  of  9 
I.D.  tubes.  The  results  of  one  of  the  tests  is  shown  in  Fif^- 
ure  10.  Tlie  tost  was  bep;un  with  a mixture  of  3-8  liter.s  of 
waste  a;  1 3-8  liters  of  Jsopar,  As  shown  in  Figure  10,  the 
initial  flux  w-is  1,179  -day.  I’or  the  first  twenty  hours 

the  test  v-;as  carried  ovit  in  a constant-concentration  mode; 
that  is,  the  permeate  was  remixed  into  the  feed  reservoir. 
'Tlienceforth,  the  test  continued  in  a batch-concentration  mode; 
that  is,  the  permeate  vaas  collected  separately.  After  twenty- 
six  h.ours  of  continuous  operation,  1,'3A0  milliliters  of  per- 
meate had  been  collected  and  tlio  flux  was  224  f/m^-day.  At 
this  point  the  test  was  discontinued,  bince  the  volume  of  the 
waste  at  the  start  of  the  test  v/as  about  3.8  liters,  the  de- 
gree of  dewratering  achieved  was  about  forty  percent. 

Another  test  was  conducted  in  a slightly  different  opera- 
tional mode.  Tills  mode  is  similar  to  the  constant-volume  mode 
desci-lbed  earlier,  but  here  oil  is  added  continuously  to  the 
circulating  fluid  to  replace  tile  permeate  that  is  withdrawn. 
Thus,  the  volume  of  wastes  in  the  circulating  fluid  continu- 
ously .'lecreases  (and  its  concentration  increases)  even  though 
the  total  volume  of  tiie  circulating  fluid  remains  constant, 

Tne  'results  of  this  test  are  shown  in  Figure  11.  The  test  was 
begun  v/ith  a mixture  of  3.8  liters  each  of  the  waste  and  the 
oil.  After  forty- two  hours  of  operation,  3,280  milliliters  of 
nemieate  had  been  removed  from  the  system.  Thus,  the  degree 
of  dev/atsring  v;as  eighty-seven  percent!  Details  of  the  flux 
concentration  histories  are  shown  in  Figure  11. 

Tlie  tests  described  above  demonstrate  that  the  oll- 
fluldlzation.  'when  combined  with  U'lfDROPERM  filtration,  is  a 
nowerful  teclxaia'ue  for  de’waterlng  the  difficult  thixotropic 
rl'aiges  of  the  type  of  concern  here. 

■.'.4  Module  Tests 

As  mentioned  earlier,  one  of  the  objectives  of  the  pre- 
sent staady  was  to  produce  a concentrated  sludge  using  PIYDRO- 
PFR'.  tubes  and  to  assess  the  feasibility  of  further  dev/ater- 
ing  of  this  sludge  using  the  Carver-Greenfield  Process,  For 
this  purpose,  preexisting  HYDROPERM  modules  v;ere  used  to  con- 
centrate the  remairuier  of  the  208  liter  drum  of  v/aste  feed 
that  had  been  obtained  from  the  poi’table-toilet  operator. 

Module  I 

Number  of  tubes;  7 

Tube  I.D.:  0.9 

Material:  Nylon 

Active  Surface  area;  738.3  cm^ 

Module  length:  49,72  cm 

Module  OD:  6.03  cm 
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Modulo  II 

Number  of  tubes: 

Tube  I . D, : 

Material : 

Active  surface  area: 
Module  length: 

Modulo  OD: 


7 

0,9  cm 

Nylon 

2288  cm^ 
121,92  cm 
6.03  cui 


As  pointed  out  earlier,  these  vmstes  contained  about  1,5/j 
solids  in  v/ater  to  which  a proprietary  preservative  contain- 
in,g  pine  oil  and  formaldehyde  had  been  added.  It  also  con- 
tained a green  dye. 


The  test  was  conducted  in  constant-volume  mode  and  began 
with  a mixture  of  equal  volumes  of  the  waste  and  Isopar  (about 
15  liters  each)  . Clear  -water  permeated  out  through  the  HYDRO- 
PNFII  tube  wall,  and  the  operator  added  more  of  the  wastes  to 
the  reservoir  from  time  to  time  so  as  to  keep  the  reservoir 
vclirr.e  (and  oilAvater  ratio)  constant.  This  operation  v/as 
continued  until  the  entire  drum  had  been  added  and  an  equi'/- 
alent  amount  of  filtered  v/ater  collected,  leaving  about  30 
liters  of  the  oil-sludge  mixture  in  the  holding  reservoir. 
Beyond  this  point  the  filtration  was  continued  in  a batch- 
concentration  mode,  Hov/ever,  as  the  filtration  proceeded  and 
the  reservoir  level  began  to  fall,  the  mixture  gelled  rather 
abruptly  into  an  unpuraoable  residue! 


The  gelled  residue  v;as  scraped  out  of  the  reservoir, 
jugged  in  a polyethylene  carboy,  and  shipped  to  the  Dehydro- 
Tech  Corporation  for  analysis  and  final  de-watering  by  the 
Carver-Creenf ield  Process.  Tnat  phase  of  this  work  is  des- 
cribed in  Section  V, 9 below. 


The  permeate  was  retained  at  HYDRONAUTICS,  Incorporated 
for  analysis,  and  a smanle  -was  forwarded  to  Dehydro -Tech 
Co!'poration  for  their  analysis  anri  for  comparison  v/ith  the 
oi'iginal  ’waste-water.  The  Dehyd’^o -Tech  findings  are  discuss- 
ed in  dection  V.6  along  -with  the  other  analyses.  A sample  of 
the  original  -wastev/acer -’was  also  forv/arded  to  Dehydro-Tech 
for  analysis  and  comparison  v;ith  the  other  two  samples. 

'.Tnlle  a detailed  analysis  of  the  results  v/lil  be  de- 
ferred till  later,  it  is  relevant  to  note  here  that  the  total 
volume  of  v/aste  treated  was  169  liters.  The  volutne  of  per- 
m.oaue  removed  was  162  llter.s.  Thus,  the  degree  of  dewater- 
ing achieved  by  hVDROPURM  alone  was  y8.1'}'L 

V.[)  The  Carvor-Grecnflold  Process 


'Five  Carver-Crrecnficid  Process  is  a technique  for  the 
highly  efficient  removal  of  water  by  evaporation  witliout  the 
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problems  of  thickening  and  scaling  that  are  often  encountered 
in  simpler  tectmiques . A metered  quantity  of  fluidising  oil 
is  added  to  the  feed  solution,  slurry  or  sludge;  and  the  mix- 
ture is  passed  through  a series  of  multiple-effect,  falllng- 
f i hn  evaporators  v/hcre  the  water  is  evaporated,  leaving  the 
solids  suspended  in  the  oil  as  a fluid  slurry.  The  oil  is 
then  separated  from  the  dry  solids  in  a centrifuge  and  re- 
turned to  the  feed  tanlc  for  reuse. 

One  of  the  banes  of  most  direct  contact  and  heated  sur- 
face evaporators  is  the  fouling  of  interior  surfaces  by  the 
precipitation  and  caking  of  separating  and/or  decomposing 
solutes;  and  one  of  the  major  limitations  of  any  concentration 
or  filtration  pi'ocess  is  the  thickening — often  to  the  point  of 
gellation — of  the  feed  stream  that  occurs  as  the  fluidizing 
liquid  is  removed  and  the  concentration  of  suspended  solids 
rises.  It  is  not  unusual  for  organic  slurries  such  as  sewage 
sludges  to  become  too  thick  to  pump  at  solid  loadings  of  2% 
and  to  become  quasi-solids  at  loadings  of  6/.  Such  colloidal 
systems  can  be  further  dev/atered  only  v/ith  great  difficulty 
in  devices  such  as  centrifuges  or  pressure  or  vacuum  filters. 

In  the  Carver-Greenfield  Process,  the  added  fluidizing 
oil  captures  the  precipitating  solids  and  keeps  them  in  freely- 
circulating  suspension.  It  even  fluidizes  such  intractable 
systems  as  the  normal! y-unpumpable  quasi-gels  formed  by  acti- 
vated sludge  solids  and  water,  and  activated  sludge  is  readily 
lev/atered  all  the  way  to  dryness  in  a Carver-Greenfield  unit. 
Jnlike  the  aqueous  case,  the  oil-solids  slurries  are  readily 
separated  by  simple  filtration  or  centrifugation  to  give  dry, 
recovered  solids  and  clean  fluids. 

The  HYDROPERM  residue,  consisting  of  a stiff  oil -water 
emulsion,  'was  first  analyzed  in  a glass-ware  unit  simulative 
of  a full-scale  Carver-Greenfield  unit.  In  this  analytical 
procedure,  a sample  of  the  rav;  feed  is  mixed  'with  toluene  in 
a distillation  flask;  and  a mixture  of  v.'ater  and  toluene  is 
distilled  off  and  condensed  until  no  more  water  comes  over. 

.‘lore  toluene  is  added  from  time  to  time  if  necessary.  The 
■-.oluene  remaining  in  the  flask  is  then  separated  from  the 
s.olids  remaining  t’ne  the  flask,  and  the  toluene  is  evaporated 
to  dryness.  All  amounts  are  weighed.  Ihis  gives  the  amount 
of  evaporablo  water  in  the  feed,  the  amount  of  oil-soluble 
residvie  (usually  called  "fats  and  oils"),  and  the  amount  of 
o.Ll-insoluble  residue  (usually  called  "nonfat  solids").  In 
th.e  case  of  dom.ostlc  sewages,  the  "nonfat  solids"  are  large- 
ly cellulose  fibers  from  disintegrated  paper;  and  the  "fats 
and  oils"  are  a complex  mixture  of  involatile  natural  liquids 
such  as  esters  and  low  molecular  v/eight  fats. 

The  IIYDROPERM  residue  contained  a major  amount  of  Isopar 
since  Isopar  was  added  in  the  filtration  step,  and  the  Isopar 
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content  was  also  measured.  The  resulting  analyses  were  as 
follows : 

HYDROPEMl 

Concentrate 


pH 

8,1 

'fj  water 

31.0 

fj  Isopar 

66.7 

^ total  solids 

2.34 

^ "nonfat  solids" 

1.69 

^ "fats  and  oils" 

0.65 

A test  on  the  HYDR0PSRI4  residue  v/as  also  conducted  in  the 
Carver-Greenfield  pilot  -plant  in  East  Hanover,  Nev/  Jersey, 
v.’hlch  is  a single-stage,  vertical,  falling-film  evaporator 
with  associated  feed  and  mixing  tanl:s,  circulating  pumps, 
vapor  chamber,  collection  vessels,  centrifuge  and  the  like. 

It  is  illustrated  in  the  schematic  flow  diagram  shown  in 
■figure  12  and  the  general  photo  shown  in  Figure  13 . It  has 
a oaracity  of  approximately  6.8  - 15-9  of  v;ater  evaporated 
per  hour  depending  upon  the  characteristics  of  the  feed.  It 
is  not  designed  for  high  efficiencies  or  throughput;  but 
rather  for  demonstrations  of  feasibility,  screening  for  un- 
expected difficulties  and  the  gathering  of  engineering  data 
such  as  yields,  heat  transfer  rates,  and  the  like. 

The  v/astev.-a ter  concentrate  removed  from  the  IIYDROPERM 
unit  and  shipped  to  Dehydro-Tech  Corporation  weighed  10  kg 
'approximately  four  gallons)  and  contained  6.6  kg  of  Isopar 
v.'hicl.  had  been  added  in  the  HYDROPERI-I  step,  leaving  only  3-32 
kg  of  actual  sample.  This  is  much  too  small  a sample  for  pro- 
per operation  of  the  Hanover  pilot  plant;  consequently,  the 
results  obtained  are  general  rather  than  detailed.  The  situa- 
tion; is  rescued,  however,  by  the  fact  that  the  v;astev/ater 
res,idue  is  so  similar  to  other  residues  vjhich  have  been  proc- 
•'■ssed  in  large  amcunt.s.  that  comparisons  and  extrapolations 
•;re  quite  valid, 

A total  of  0.l8  kg  of  nonvolatiles  was  recovered  from  the 
pilot  plant  run,  as  compared  to  0.23  kg  predicted  from  the 
■inalyti.cal  data  (0.17  kg  of  nonfat  solids  and  0.06  kg  of  fats- 
■ini-olls).  In  view  of  the  inadequate  size  of  the  sample,  this 
in  good  agreeaient.  The  pilot  plant  normally  leaves  a trace  of 
isopar  in  the  recovered  solids  for  dust  control,  and  this  can 
oan.ily  account  for  the  extra  0.05  kg.  None  of  the  predicted 
0.06  kg  of  fats-and-oils  was  recovered  because  the  very  small 
amount — only  about  65  nil! — was  simply  lost  on  the  internal 
surfaces  of  the  pilot  plant  and  in  the  volume  of  circulating 
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Isopai',  As  noted  above,  much  larger  samples  are  required  for 
operations  in  good  yields.  Nevertheless,  the  essentially 
quantitative  recovery  of  the  nonfat  solids,  coupled  with  the 
familiarity  of  the  sample  type  and  the  demonstrated  lack  of 
unexpected  problems,  makes  this  test  run  a satisfactory  one. 

The  recovered  nonfat  solids  consisted  of  a fluffy,  fibr- 
ous, light-gray  mass  with  very  little  odor.  It  was  apparent- 
ly essentially  cellulose  fibers  from  disintegrated  paper,  and 
'would  be  expected  to  have  a fuel  value  on  the  order  of  1,990 
Kcal,  based  on  extensive  experience  ’with  other,  similar  resi- 

, dues. 

; With  the  sole  reservation  that  the  sample  size  v/as  too 

small  to  give  good  recovery  of  "fats-and-oils"  in  the  pilot 

* plant,  this  \vas  an  entirely  satisfactory  demonstration.  No 

operational  problems  v;ere  encountered,  and  the  recovered  non- 

* fat  solids  were  in  good  agreement  w'ith  analytical  predictions. 

Although  this  process  co’Uld  technically  operate  in  the  field 
wltliout  difficulty,  the  economics  of  the  system  size  prohibit 
its  application. 


- Assuming  a typical,  multiple-effect  Carver-Greenfield 

plant  and  recovery  of  the  Isopar,  the  dehydration  process 
^ would  be  energetically  self-sustaining.  Self-sustainment  re- 

« quires  a feed  solids  content  of  approxin:ately  6 Wt-^  of  which 

* 701^  is  5j550  Kcal/kg  fuel  value  material,  for  a net  fuel  con- 

tent of  233  Kcal/kg  as  compared  to  a net  fuel  content  of  this 
V 'waste'water  residue  (ex  Isopar)  of  330  Kcal/kg.  As  a practical 

i matter,  however,  one  would  never  consider  building  a multiple- 

effect  Carver-Greenfield  plant  for  such  a smiall  vjaste  stream 
^ (given  as  l,06l  liters  of  vmstewater  per  day);  the  capital 

■ investment  v/ould  be  too  large. 


Of  course,  the  resultant  HYDROPERM  residue  emulsion  con- 
taining a large  fraction  of  oil  is  directly  burnable  ’without 
any  further  processing  or  dehydration;  and  that  would  be  the 
recormnended  disposal  method. 

V.6  Analyses  of  the  Concentrate  and  Permeate  Samples 

As  already  mentioned,  the  permeate  in  all  of  the  tests 
conducted  during  the  present  study  v;ere  found  to  be  totally 
free  of  suspended  solids.  The  total  solids  in  the  permeate 
(in  this  case,  also  equal  to  the  dissolved  solids)  ranged 
from  0.37  to  0,63  percent.  Since  the  total  solids  of  the 
initial  feed  ranged  from  1.23  to  1.6  percent  (of  v;hi.ch  about 
O.A3  percent  was  suspended  solids),  the  above  results  vjould 
appear  to  indicate  that  the  HiTDROPER^i  tubes  also  displayed 
a significant  rejection  for  the  dissolved  solids'. 
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However,  a puzzling  aspect  of  the  results  was  also  that 
the  total  solids  in  the  concentrates  did  not  increase  in  the 
expected  manner.  For  exam.ple,  in  the  test  shown  in  Figure  9, 
eighty  percent  dewatering  of  the  original  feed  was  achieved, 
so  that  a five-fold  Increase  in  the  suspended  solids  alone 
would  be  expected  (or  5 x 0.43  = 2.15  percent).  However,  an 
analysis  of  the  total  solids  in  the  final  concentrate  yielded 
only  l.Bl  permeate!  Such  material  imbalances  and  the  "disap- 
pearance" of  solids  were  a i-ule  in  the  present  tests.  Be- 
cause of  the  in-rlepth  nature  of  HYDROPERM  filtration  and  also 
because  of  the  filter  cake  that  forms  along  the  tube  walls, 
it  can  be  postulated  that  some  of  the  solids  are  "lost"  either 
into  the  v/all  structure  or  into  the  filter  cake.  Hov/ever, 
this  postulate  alone  is  insufficient  to  explain  away  the  sig- 
iiificant  imbalan.ces  noted  in  the  tests,  so  that  some  addi- 
tional explanation  in  necessary.  It  can  be  speculated  that 
the  missing  solids  were  volatilized  and/or  oxidized  during  the 
prolonged  aeration  and  agitatioh  that  takes  place  in  the  test 
loops.  It  should  be  noted  that  typically,  depending  on  the 
circulating  velocity,  the  entire  volujne  of  v;astes  in  the  test- 
loop  reservoirs  used  in  the  present  study  are  circulated 
through  the  HYDROPERi  tubes  once  every  one  to  three  minutes. 

Similar  mass  imbalances  v/ere  also  found  in  the  detailed 
analyses  that  v/ere  carried  out  by  Dehydro-Tech  Corporation  on 
the  irYDROPERI  concentrate  from,  the  module  runs.  The  follow- 
ing detailed  analjrses  and  Inspections  v.'ere  obtained  on  the 
rav/  feed,  the  ir!fi:)ROPER'I  permeate  and  the  IIYDROPER!  concentrate, 
[■ieasured  or  observed  values  are  shov;n  in  bold  face  type,  as- 
sumed values  are  shovm  in  parentheses,  and  calculated  values 
are  shov/n  in  quotation  m.arks. 


pH 

Ra'w  Feed 
6.00 

Perm.eate 

Concentrate 

8.1 

Li ters 

165.09 

.( 161.98) 

15.16 

'A  logram.s 

"164.73" 

"161.63" 

9.98 

- j 'water 

"98.62" 

"99.43" 

31.0 

.'t-/  Tsopar 

0 

0 

66.7 

Total  Solids 

1.38 

0.57 

2.34 

.‘.-.j  nonfat  Solids 

0.93 

— 

1.69 

:t--'  Fats -and -Oils 

0.45 

— 

0,65 

lograins  Solids  Calc, 

"2.27" 

"0,91" 

"0.23" 

kilograms  Recovered 

— 

— 

0.17 
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Again,  the  most  significant  feature  of  the  above  iata  is 
that  approximately  1,13  kg  of  the  initial  2.27  kg  of  dissolved 
and  suspended  solids  appear  to  have  disappeared  during  the  fil- 
tration process.  The  exact  amount  is  unknovm  because  not  all 
of  tlie  concentrate  was  recovered  and  weighed:  there  had  to  be 

some  appreciable  arnoui^t  held  up  Inside  the  IIYDROPERM  module  and 
in  the  pj.ning  (because  of  the  rather  abrupt  gelling  described 
in  Section  V.'!!-),  But  no  conceivable  amount  of  holdup  could 
accoiuit  for  the  observed  approximately  loss,  so  there  has 
to  be  a major  disappearance  mechanism.  It  can  only  be  spec- 
ulated that  the  missing  material  v;as  volatilized — perhaps  v;ith 
oxidation — during  the  prolonged,  intensive  aeration  associated 
'with  circulation  through  the  HYDROPEItM  module'*^'. 

It  might  be  pointed  out  that  the  0,17  kg  of  solids  re- 
covered from  the  concentrate  is  actually  in  good  agreement 
with  the  0.2‘4-  kg  predicted  from  analytical  studies.  The  0.23 
kg  consists  of  0.l6  kg  of  Insoluble  solids  plus  0.06  kg  of 
Isopa:r-soluble  oily  materials.  The  recovered  material  in- 
iierently  consists  of  the  insoluble  solids  v.'ith  perhaps  a trace 
of  Tsopar  and/or  soluble  oils  left  on  them,  and  0.l6  plus-a- 
llttle  is  in  good  agreement  v/ith  0,17. 

[n  view  of  the  fact  that  several  different  tests  at  tv/o 
indenendent  laboratories  have  yielded  essentially  th.e  same 
results,  it  seems  highly  unlikely  that  there  could  be  any 
erroi's  in  the  analyses.  Thus  the  "disappearance''  of  the  solids 
has  to  be  accepted  at  face  value,  with  volatilization  due  to 
aeration  and  agitation  being  the  tentative  explanation.  We 
cariHot  resist  pointing  out  that  no  dismay  should  be  felt  at 
Che  'i isapcearance  of  half  of  this  feedstock.  The  object  of 
•'.his  entire  exercise  is  to  get  rid  of  this  feedstock,  and  its 
voluntary  disappearance  is  to  be  accepted  with  pleasure! 

, 7 '''lux  Regeneration 


" t v;as  pointed  out  earlier  that  unlike  through-flow  fil- 
tr’ition,  cross-flow  filtration  provides  an  ability  to  operate 
In  a.n  essentially  quasi -steady  state  fashion.  Nevertheless, 
there  is,  in  general,  a slow  flux  decline  due  to  the  buildup 
of  a thin  cake  layer  next  to  the  tube  v;alls.  Moreover,  since 


The  exact  amoimt  of  volatilization  that  can  occur  in  an 
actual  pilot  or  prototype  plant  v/ill  presumably  depend  on 
the  relative  magnitudes  of  the  holding-tank  volume-rate  of 
pumping  of  the  v/astes  through  the  lErTiROPERM  modules,  that 
ir. , on  the  aver-age  residence  time  of  a particle  vjithin 
the  holding  tank  before  being  recirculated, 
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IIYDROPERM  includes  some  aspects  of  ,in-depth  filters,  the  ef- 
fective pore  structure  of  the  tubes  may  gradually  change  with 
time  due  to  the  intrusion  of  particles  in  the  feedstock  into 
the  tube  matrix.  In  a typical  IfYllROFER.”  test  in  a constant- 
conccntrat  ion  mode,  the  flux  usually  declines  in  two  stages. 

In  the  first  stage,  the  flux  declines  rapidly  from  the  initial 
value  to  about  fifty  to  sixty  percent  of  that  value  within  an 
h.our  or  two.  In  the  second  stage  the  flux  gradually  decreases 
over  a period  of  several  tens  of  hours  to  values  v.'hich  are 
only  a fevj  percent  lower  than  the  valvie  at  the  end  of  the  first 
stage.  In  the  tests,  it  is  usual  practice  to  "restore''  tiie 
flux  to  its  initial  value  after  a period  of  about  one-hundred 
h.ours  operation  by  "cleaning"  the  tubes  for  about  ten  laundry 
wastes.  It  lias  been  found  (Reference  11)  that  the  flux  can  be 
restored  (after  each  one -hundred  hours  of  operation)  to  its 
initial  value  by  circulating  through  the  tubes  for  ten  minutes 
a mild  solution  containing  phosphoric  acid.  Similarly,  vfnen 
treating  turbid  waters  it  has  been  found  that  the  flux  can  be 
ro.stoi-ed  by  using  a v;eak  solution  of  sodium  hypochlorite. 
Backwashing  of  the  tubes  is  also  possible. 

In  the  present  study,  only  a very  preliminary  investiga- 
tion of  cleaning  was  carried  out.  It  has  been  found  tiiat,  for 
the  present  v/astes,  a corur.erclally-available  bleach  holds  con- 
sldei-able  promise,  A more  systematic  and  detailed  investiga- 
tion of  the  cleaning  procedure  should  certainly  be  a necessary 
part  of  any  follov;-on  studies. 

V.8  Econom.ic  Estimates 


As  a part  of  the  present  study,  a brief  economic  analysis 
of  the  proposed  system  v/as  also  undertaken.  At  the  outset,  it 
should  be  pointed  out  chat  the  volumes  of  v/astes  involved  in 
the  present  context  are  considerably  smaller  than  ones  for 
which  v.'e  have  experience  in  estimating  costs.  At  7.6  liters 
per  day  per  man  of  concentrated  v:aste,  the  total  volurae  of 
wastes  to  be  treated  per  day  for  a l4-man  waterci'aft  is  only 
.105  ’iters!  The  cost  of  a KYDROPERIi  plant,  like  that  of  any 
other  plant,  is  a function  of  scale,  vrith  large  plants  being 
much  miore  economical  on  a per-gallon  basis  than  small  plants. 

Thus,  in  these  preliminary  estimates,  v/e  have  confined 
our  attention  to  a shoi’o-based  facility  that  can  treat  the 
vjam.es  from  a group  of  watercraft.  For  small  plants,  on  the 
ori,ior  of  l,06l  liters  per  day  as  contemplated  in  this  study, 
the  following  generalities  apply; 

e Module  cost  = 538  per  square  meter  of  filter  area, 

• Associated  pumps,  piping,  etc.  - .i!5.00  to  ;!10.00  per 
3.79  llter/day. 
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• Kilter  area  required  = Daily  load  in  litera/attainable 
flux  in  liter/meter^ -day . 

-X-  Typical  attainable  flux  in  dev/atering  a 1,5-2/j 
solids  feed  by  approximately  eighty 
percent  ^109  t/m^-day. 

^ Typical  attainable  flux  in  dev/atering  a 1.5-2/j 
solids  feed  by  more  than  eighty 
percent  20^1-  t/m“-day. 

Assuming  a requirement  of  l,06l  liters  of  v/astev/ater  per 
day  (ten  l4-inan  watercarft  and  7.58  liters  of  v/astev/ater  per 
man  per  day;  for  1,059  pcf  day  water  and  13.6  kg  per  day 
solids),  a HYDR0PS.R.M  plant  v/ould  consist  of  one  IIYDROPERM 
mo. hale  and  a pump  and  associated  piping.  At  409  t/m^ -day  and 
■'0 . 758/t/day , the  capital  cost  v/ould  be  ;p2,800.  At  405  t/m“ - 
lay  and  oO . 379/T/day,  the  cost  v/ould  be  t>5,600.  Labor  costs 
v/ould  be  negligible,  particularly  if  Gl-operated,  sii  ce  very 
little  operator  attention  is  required,  and  material  costs 
(principally  for  Isopar,  $0.29/t)  v/ould  also  be  negligible. 
Pov/er  costs  to  drive  the  circulating  pump  v/ould  be  small  and 
are  not  taken  into  account.  The  normal  Industrial  costs  of 
taxes  and  insurance  are  also  not  considered  here.  It  should 
go  v/ithout  saying  that  the  above  numbers  are  first-cut  es- 
timates only,  good  for  perspective  and  order  of  magnitude 
r tanning.  An.y  serious  cost  estimate  should  be  based  on  ex- 
tonLled  ter;:i  nilot  plant  runs  and  should  Itemize  all  capital 
1 operating  costs  in  as  much  detail  as  possible  for  the 
specific  application. 

This  study  was  focused  on  the  removal  of  wastewater  solids 
.only;  but  in  a complete  Installation,  there  would  be  additional 
rations  required.  The  v/astev/ater  concentrate  v/ould  have  to 
ae  disposed  of  at  some  additional  cost,  and  the  filtrate  may 

nolislving  at  some  additional  cost  before  discharge  to  re- 
■/elving  v/ators.  The  concentrate  should  pose  no  px'Oblem.  At 
o7  ' Isopar  it  is  flammable  and  could  be  disposed  of  In  almost 
■\r:,Y  •ivallable  incinerator  or  bui-ner,  Tlie  filtrate  v/ater  is 
b'.'.yonl  tiic  scone  oi’  this  study,  although  .some  preliminary 
thoughts  are  offered  later  in  this  section, 

Tiie  G.-irvoi’-Gi'eanfield  P.'rocess,  which  Is  economical  on  a 
! ‘irge  scale  , v/ould  have  a prohibitively  high  canital  cost  on 
ho  tiny  sc-tio  of  l,06l  liters  per  day.  Gome  figures  which 
•o  nly  to  l.a/'gor  scale:;  are  contained  in  Appendix  A, 

It  Is  appropriate  at  this  point  to  compare  the  costs  of 
hVDROPKIl'-!  tro.atmont  with  other  methods.  The  technique  of 
r ,'1,.ary  vacuum  precoat  filtration  (RVPF)  dewatering  of  black 
v/ater  and  other  simLl.ar  sludge;;  v/as  Investigated  by  Johns- 
i-'.anville  for  MKRDC  on  Contract  DAAG53-75-C-0276,  and  a 
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detailed  suminary  of  the  work  is  available  In  the  Final  Report 
from  that  contract  dated  January  26,  1976,  Briefly,  the  tech- 
nique consists  of  applying  a fairly  thick  (one  to  four  Inchea) 
diatomaceous  earth  precoat  onto  a rotary  vacuum  filter  and  then 
filtering  macerated  bhack  water  through  it  to  give  a collda- 
fi-ee  filtrate  and  a filter  cake.  The  filter  coat  blinds  rather 
quickly,  and  a rotary  knife  is  used  to  shave  the  dev/atered 
cake  'lown  to  fresh  filter  aid  after  each  pass  through  the  feed 
reservoir,  Ihe  dischai-ged  filter  cake  runs  around  solids, 

about  6 to  12fj  volatile  solids;  and  the  filtrate  is  high 
enough  in  BOD  and  TOC  that  further  treatment,  as  with  carbon, 
is  suggested. 

Using  a cormnerclally-avallable  O.91  m diameter  by  0,30  rn 
face  rotary  precoat  filter  and  IFiTLO  filter  aid  with  appro- 
p>'iate  tankage,  piping  and  vacuum  and  transfer  pumps.  Joins - 
Manville  estimated  an  equipment  cost  of  C355'’i-00  for  a 758  1/ 
day  untreated  human  v;aste  treatment  system,  exclusive  of  filter 
cake  incineration  or  filtrate  polishing  systems.  They  es- 
timated a total  v/eight,  on  tv/o  skids,  of  1,382  kg  empty;  and 
they  estimated  a materials  (filter  aid)  cost  of  il4.6o  per 
3,790  titers  filtered  and  a power  cost  of  151  K’whr  per  3j790 
liters  filtered. 

Assuming  the  service  is  available  at  the  site,  hauling 
the  black  v/ater  av/ay  by  a septic  tank  cleaning  contractor  is 
uh.e  ch.eapest  solution  in  the  short  ru:i.  Tlie  trucks  carry 
7,580  litters  typically,  which  means  a 7j5S0  liter  holding 
^ank  could  be  filled  and  then  trucked  away  roughly  once  a 
week.  Costs  vary,  but  a typical  hauling  charge  is  9IOO  to 
ilfO  per  truckload.  At  .‘5125/load,  .$5000  v.'ould  provide  4l 
weeks  of  disposal  service  (at  l,06l  t/day)  with  no  additional 
•costs  of  solids  incineration  or  filtrate  polishing.  Over 
some  Longer  periods  of  time,  depending  on  the  costs  of  solids, 
incineration  and  filtrate  polishing,  on-site  treatment  by 
hYDROPFR;.!  becomes  m;ore  economical. 

host  boat  and  trailer  pump-out  stations  (in  the  Nev; 

York  - ITew  Jersey  area  at  least)  either  haul  their  wastes  to 
■;  slulge  dumping  area  or  send  them  to  a large,  conventional , 
.'■/ewage  treatment  plant  where  they  are  mixed  with  a much  larger 
volume  of  municipal  sewage  and  disappear  from  sight.  Ro  ex- 
ample v/as  found  of  a pump-out  station  that  treated  its  ovm 
v/aste . 

There  are  of  course,  a number  of  incinerating  toilet 
systems  on  the  market  and/or  under  development.  VJith  incin- 
erators, those  systems  run  tens  of  thousands  of  dollars. 

They  v/ill  not  be  discussed  further  here. 
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Finally,  a fev/  v.'ords  on  the  need  for  "pollah.lng"  the 
iiYDROPKRM  filtrate  ai-e  in  oialor.  the  data  heroin  nhow  a total 
aollda  content  of  0.57/o  for  the  filtrate,  v/hich  tranalatea  to 
21.^6  kc  p'or  thousand  gallons  or  4,700  rng/t  of  dissolved  bur- 
den. Some  of  that  may  be  alkalinity  and  dissolved  inorganic 
s-alts;  but  a considerable  fraction  of  it  is  probably  BOD  and 
".alodorous  materials,  and  tlie  filtrate  will  probably  need  some 
h.ind  of  polishing  treatment. 

Carbon  coluirui  treatment  is  commonly  suggested  for  such 
effluents.  [t  is  almost  universally  applicable,  and  capital 
and  operating  cost  studies  are  available  in  MEfi4DC0M  flies. 

It  does  present  a new  disposal  probl  .-m;  that  of  th.e  spent 
carbon. 

An  alternative  v;iiich  should  be  considered  is  the  nev/ 
ozono-LIV  oxidation  process  which  offers  any  (including  limit- 
ed) degree  of  polishing  and  imposes  no  logistic  or  disposal 
bui'dens  except  its  electric  pov;er  requirements.  One  embodi- 
:;’.ent  of  the  ozone-UV  process  ( V.’estgate ' s ULTROX)  offers  skid- 
mounted  pilot  units  of  appropriate  size  and  cites  power  costs 
of  .!'.0,30  nor  3,790  liters  for  treating  379,000  liters  per  day 
of  seconlary  effluent  of  l6  mg/l  TOG,  Cmaller  units  and 
iieavier  TOC  loadings  would  cost  more  per  3,790  liters  but  less 
per  day. 
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VI.  CONCLUDING  RLMAl^G 


'IIio  present  ntudy  wan  concerned  with  a preiiir.lnary  feasi- 
bility invos  ti.-p'^tion  of  the  use  of  IIlT)ROri'JRiI  filtration  to  con- 
centrate the  already  concentrated  )iuin:in-was te  effluents  tlaat 
:u’o  encountered  onboard  Army  watercraft  or  at  Ai'iny  field  Latrine 
facilities,  L'lboratory  tests  v/ith  single  tubes  and  with  small 
modules  h:\vc  demonstratcvl  that  IIYDROPERM  is  capable  of  achiev- 
luf'  hi"h  de^^rees  of  dowaterinp;  of  these  concen tra terl  sludges, 
especially  when  flulfli7arl  by  the  addition  of  an  appropriate 
oil.  Preliminary  economic  estimates  also  demonstrate  that 
uYLROPLlv'I  can  be  quite  cost  effective. 

V/hi  le  this  preliminary  study  has  satisfactorily  answered 
many  of  tlae  important  questions  relevant  to  actual  system  ap- 
plic-\tion,  others  remain.  For  example,  the  present  study  did 
not  include  an  investigation  of  the  long-tei’ra  (several  hundred 
h.ou-rs)  flux  behavior  of  the  tubes;  nor  did  it  Include  a sys- 
tematic .i nvos tigation  of  the  periodic  "cleaning"  of  the  tubes 
to  restore  th.o  flux  levels  to  the  initial  liigh  levels.  These 
aspoiits  sl.ould  certainly  be  investigated  as  necessary  prere- 
cmisltos  to  the  design  and  demonstration  of  a pilot  plant. 

Anotiier  aspect  of  the  present  study  which  v/arrants  further 
Investigation  is  the  apparent  total-solids  loss  encoiaitered 
drurir.g  the  filtration  nrocess.  If  as  postulated  volatiliza- 
tion is  th.e  mechanism  by  v/hich  the  solids  disappear,  then  a 
sampling  and  ana.ly.sis  of  the  resulting  gases  and  vapors  is 
necessary  r.o  er.sure  that  they  are  not  hazardous  to  health, 
oith.er  by  themselves  or  by  acting  as  carriers  for  undesirable 
bacteria . 


Th.e  results  of  the  present  study  are  sufficiently  promis- 
ing to  warrant  proceeding  to  the  next  logical  step  of  the 

'in.l  ;lemonstration  of  a pilot  plant.  The  voliunes  of  he 
•wastes  involved  In  the  tm’esent  study  are  such  that  the  "pilot" 

; laot  can  be  e.ssentially  of  full  -scale  size,  say,  capable  of 
; '■OGOssing  abo'at  ].,06l  liters  of  -.-/aste  per  day.  The  pilot 
: lan^-.  can  include  cil  fluidization  and  a means  of  further 
t '.’oa  trr.ent  of  tiie  permeate  either  by  carbon  adsorption  or  by 
"i -ozonation.  It  is  recommended  that  a pilot  plant  bo  des- 
igiiO'i.  fabricaf.od  and  laboralory  tested,  followed  by  an  actual 
ie.aions, ir-itlo!-!  (operatin.g  for  a period  of  not  less  than  tv;o 
woelcs)  at  a site  specified  by  MEPADCOM. 

it  has  already  been  pointed  out  that  iiYDROPERM  is  quite 
versa  11  le  and  lhat  it  can  be  used  for  water  revonvation  and 
reuse  in  a wide  variety  of  .scenarios.  For  example,  H'/DROPERM 
would  be  ideally  suited  for  use  a.-'  a principal  unit  operation 
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for  tlie  cojubined  treatment  of  kitclien^  laundry,  shower  and 
sewage  v/astes,  including  various  water-reuse  options.  This 
possibility  could  be,  and  shovild  be,  further  pursued. 

The  versatility  of  the  HYDROrEKi  system  for  processing 
S’lipboard  v/astes  can  be  seen  by  considering  tiie  follov/J.ng  tv/o 
altern.ative  scenarios.  In  the  first,  the  toilets  are  replaced 
by  re  luced-volu-me  flush.  syr:lems  or  reclrcula  t.i  ng  chendenL  sys- 
tems and  t!ie  wastes  are  collected  in  a hol.iir.g  tank.  At  7-53 
Liters  oer  man  pei’  day  of  this  cor.cencrated  waste,  the  mi n.nmun 
h.oldlng  capacity  (practical  cons Ldei-ations  .iictate  *:.iiat  tiie 
holding  tank  be  oversized  with  a reasonable  margin  of  safety) 
required  in  a lY-man  A'rmy  watoi-citaft  will  be  iOo  t/day.  In 
t’nis  .scenario  no  sliinboard  treatment  of  the  wastes  is  required, 
and  tiie  collected  wastes  can  be  uisciiarge  i into  a siioreside 
treatmon.t  facilit?/,  Tnis  is  the  option  consifiered  in  t'ne  pre- 
.tent  study,  with  the  v.'astos  being  treated  by  the  irtDROPElbM 
process  (in  co'.abination  v;ith  other  unit  operations)  .so  as  to 
pro  iuce  a dischargeable  permeate  and  a concentrated  sludge, 

Tiiis  option  i.s  more  attractive  for  nev/  v.'atercarft  than  for  old 
one.a,  since  in  the  latter  case  extensive  backfittlng  may  be 
required , 


In  I'he  other  scenario,  the  conveivtional  toilets  are  re - 
tai.ned  and  the  v.-astes  are  collected  i.n  a central  holding  tank. 
Tills  is  the  option  e.mcodied  in  the  Idavy'  s Collection,  Holding 
and  Trar..sfer  ( CHT)  Gystem.  However,  at  75.8  liters  per  day 
per  man  ti'.e  iiolding  capacity  requirerl  for  this  dilute  waste 
v;Lil  be  ex.cessivo,  especially  since  Army  watercraft  may  be  re- 
ajulroi  to  operate  away  from  shore  for  periods  of  t'wo  or  three 
dap-p  at  a time.  On  tiie  other  hand,  this  option  v.'ill  become 
v:  •lb'!  • i if  the  holding  tank  i.s  equipped  v/lth  a "service  module", 
vt  : :h  c :ntinuously  re  iuces  the  volvune  of  the  holding  tank  by 
ro  iuc  ■ r.- ■ a di.ici'.argeable  effluent  and  a more  concentrated 

a nine op'-percent  volurce  reduction  -will  reduce  the  re- 
p: h.'liing  capacity  to  tiie  same  as  that  for  a reduced- 
iMm'v  fiu.ah  system.  Tills  option  may  be  the  preferred  one  for 
‘ watercraft,  since  minimum  backfittlng  v;lll  be  x'equlred, 

'.■.■l.Lle  “^lie  present  study  'was  concer.ned  o.nly  v;ith  the  fll- 
/..■••-idlon  of  concen'' rated  v.'astes,  previous  stU'iies  have  demon- 
trate.i  that  HTDROPERii  i.s  also  IdeaLLy  suited  for  concentrat- 
.1:..',  il. lute  v.-astes.  Thus  a service  mo-lule  consisting  of  HlllRO- 
i'inv'.  -i‘;  i a polisiii.ng  stop  -.‘.’ould  be  c-inaVjle  of  achieving  volume 
■'O  iuc ‘Y  o.ns  of  any  desire  i degree.  ..’uch  a system  can  bo  rol- 
'i‘.iv;Ly  simple  -uid  automated,  v.-ith  lev^xl  sensors  in  the  hold- 
Lr.g  ta;fr'.s  t'urning  "on"  tiie  service  module  wiicn  the  liquid  level 
reaciios  a specified  high  point  an  1 turiiing  it  "off"  when  the 
level  reaches  a specified  low  point,  it  should  be  noted  that 
this  .'dr' pboai’d  concentration  nay  be  cari-leci  cut  either  to  a 
limitei  extent,  with  further  concentration  taking  place  in  a 
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FIGURE  1 - CROSSFLOW  FILTRATION  SCHEMATIC 
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FIGURE  2 - TYPICAL  PORE  SIZE  DISTRIBUTION  OF  HYDROPERM TUBES 
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FIGURE  8 - RESULTS  FROM  A CONSTANT-VOLUME  CONCENTRATION  TEST 
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FIGURE  11  - RESULTS  FROM  A CONSTANT-VOLUME  CONCENTRATION  TEST 
IN  AN  OIL-FLUIDIZED  MODE 


r 


HYDRO NAU TICS,  INCORPORATED 


F THE  CARVER-GREENFIELD  PROCESS 


HYDRONAUTICS,  INCORPORATED 


RSEY 


FIGURE  14  - RESULTS  FROM  CONCENTRATION  TEST  - MODULE  I 
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ECONOMFCS  OE  THE  CAR'/ER-GREEITFIELD  SOLIDS  DEHYDRATION  PROCESS 


Conventional  Carver-Greenfield  plants  are  vastly  too  large 
for  tills  lj06l  llter/day  application.  They  become  economical 
only  at  tlie  level  of  tons  or  hundreds  of  tons  per  day.  The 
follo'.ving  examples  are  illustrative: 

Example  No.  1 - Municipal  Sewage  Sludge  (Engineering  Estimate) 

o Nev.'  York  City  area. 

o 227  tons/day  (dry  basis)  of  pressed  or  centrifuged 
sludge . 

o Sale  of  surplus  fuel  as  electricity, 

<-  Horst  case:  12,.51j  solids  digested  sludge  = $19.07/ 

metric  ton  net  cost. 

'<•  Median  case:  20/  solids  'undigested  sludge  = $27.20/ 

metric  ton  net  profit. 

Best  case:  40/  solids  undigested  sludge  = $27.44/ 

metric  ton  net  profit. 

Sxamnle  No.  2 - Municipal  Sev/age  Sludge  (Engineering  Estimate) 


o Hashington,  D.  C.  area, 

o 173  tons/day  (dry  basis)  of  20/  solids  filter  cake 
from  mixed  primary  and  secondary  sludge. 

o Surplus  fuel  sold  as  pellets. 

- Net  capital  and  operating  cost  - $19. 73/dry  metric 
ton. 

Examnlo  No.  3 - Hastev.'ater  from.  Instant  Coffee  Plant  (actual 

case  history) 

c Nev;  Jersey  area, 

o 3G,4i8  kg  of  v;ater  evaporated  per  hour. 

Net  cost  per  liter,  without  fuel  recovery  = 
li ter. 

Net  cost  per  liter,  ’/;lth  fuel  recovery  - 0. 2195/liter. 

Co.st  to  haul  away  to  dump,  'untreated  = 1 . 3l95/llter . 

Example  No.  4 - Gnent  Brewery  !4ash  (actual  case  history) 

o Rock  Mountain  area. 

o 13.62  metric  tons/day  (dry  basis)  capacity  of  h% 
solids  waste  activated  sludge  from  brewing 
v;n ;;  tov/a  te  r s . 
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o Sale  of  pelletized  dried  product  for  animal  feed  con- 
templated. 

X-  Total  capital  and  operating  coat  = $17^l/metrlc  ton. 

X-  Product  value  as  animal  feed  = $330-'*l4o/metric  ton. 

As  a very  rough  rule  of  thumbs  Carver-Greenfield  plants 
have  usually  turned  out  to  cost  about  one-half  as  much  to 
build  and  operate  as  equivalent  soray-di'ying  or  Incineration 
plants,  mainly  due  to  the  energy  and  fuel  economies  of  multi- 
ple-effect h.eat  utilization.  1‘Jhen  the  dried  solids  have  fuel 
value,  there  is  a further  cost  saving  in  that  their  combustion 
can  often  provide  all  the  energy  needed  to  operate  all  the 
evaporation  stages;  and  the  plant  has  zero  energy  consumption; 
if  th.e  product  is  to  be  burned  and  if  the  raw  feed  contains 
more  than  '-'.ffj  of  nonvolatiles  with  fuel  value  of  5>550  Real/ 
kg,  the  Carver-Greenfield  plant  becomes  a not  energy  producer. 

Construction  costs  are  subject  to  all  the  usual  geo- 
graphic, Inflationary  and  option  selection  effects;  but  the 
folio'wlng  examples  using  mid-1976  prices  are  illustrative; 

o One-stage,  pilot-scale  plant.  All  stainless  steel. 

3^  kg  of  v.'ater  evaporated  per  hour.  $110,000. 

o Three-stage,  industrial-scale  plant.  Carbon  steel. 
631-90S  kg  of  v/azer  evaporated  per  hour.  $250,000. 

o Four-stage,  commercial-scale  plant.  Carbon  steel. 
/,5^0  kg  of  water  evacorated  per  hour.  $750,000  to 
$1,000,000, 

miniature  Carver-Greenfield  plants  designed  to  handle 
^■'-^7- . 395  liters  of  Vvastevnter  per  day  are  under  study  at  this 
writing  (January  1977'':  'aut  they  have  not  yet  been  designed 
or  cost  estimated.  It  is  anticipated  that  they  will  be 
single-stage  units  with  simplified  heat  recovery  and  oil  re- 
cycle systems,  sacrificing  some  of  their  usual  energy  effi- 
ciency in  favor  of  compactness  and  lov;  cost.  They  will  retai.n 
all  the  advantages  of  oil  fluidization,  and  their  output 
streams  will  still  be  distilled  water  and  anhydrous  solids. 

It  is  anticipated  that  they  will  be  skid  or  truck  mounted  and 
will  fit  into  approximately  an  0.2  meter  cube. 
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Table  1 
Module  I 

(Data  for  Figure  ]4) 


Time 

— « — " .... 

P 

V 

T 

Ilrs . 

Kq/cm^ 

m/sec 

°c 

0.25 

1.00 

2.00 

20.00 

20.25 
21.00 

23.00 

25.00 

43 . 00 

67.00 

91.00 

91.25 

98 . 00 

1 15.00 

133.00 

162.00 

186 . 00 

136.25 

210.00 


0.35 


0.35 

0.21 


1.83 


1.83 

3.35 


to  35  C. 

5 tart  Concentration 
Cleaning 


jx- 

V 

tpd/m“ 

Perm. 

Coll. 

Liter 

289.3 

273.0 

134.5 

89.6 

4.052 

517.5 

321.9 

224.1 

191 . 5 

114.1 

6.827 

69.3 

5.397 

48.9 

4.282 

407.5 

158.9 

3.087 

105.9 

4.867 

85.6 

6.067 

81.5 

5.727 

73.3 

4 . 869 

550.1 

3.672 

167.1 

7.752 

130.4 

9.122 

97.8 

7.472 

Remarks 
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Table  2 
Modulo  II 

(Data  for  Figure  15) 


Time  j 
Ilrs.  1 

P 

K (]/ cm*" 

V 

in/ sec 

T 

°C 

J 

V 

.tpd/m" 

Penn. 

Coll. 

Liter 

Remarks 

0.25 

0.21 

O 

.35 

13 

823.1 

1 

1,00 

1 

20 

623.4 

I 

Y.OO 

25 

427.  S 

14.992 

6.00 

25 

358.6 

7.912 

II 

6.25 

i 

15 

268.9 

S.OO 

23 

220.0 

1 

13.00 

j 

i 

1 

26 

163.0 

14.592  j 

II 

13.25 

1 

1 13 

195.6 

1 

15.00 

24 

142.6 

20.00 

26 

61.1 

7 . 492 

■'i  5 . 00 

i 

! 1 

22 

44.8 

11.612 

6l . 00 

1 

23 

36.7 

6 . 402 

III,  IV 

6 1 . 25 

i4 

130.4 

d5.00 

25 

53.0 

13.872 

L13.00 

i 

27 

24 . 4 

8.182 

IV 

J ! 3.50 

1 

23 

53.0 

i 17 . 00 

0.21 

3 , 

.35 

26 

32.6 

3.502 

HYDRONAUTICS,  INCORPORATED 


Table  3 

> 

(Data  for  Figure  7) 


Time 

Hrs. 

P 

Koycm^ 

V 

m/sec 

T 

°C 

J * 

V 

tp  d/m^ 

0.25 

0 

21 

0.028 

23 

1193.9 

0.50 

26 

380.1 

1.00 

28 

937.2 

2.00 

30 

929.0 

3.00 

30 

9^^5.3 

19.00 

27 

533.8 

20.00 

0 

21 

0.028 

30 

59-C9 
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V 
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Table  4 

(Data  Tor  Figure  8) 


V 

m/sec 


T 

1 °C 

J * 

V 

tpd/m° 

17 

900.5 

21 

643.8 

23 

529.7 

24 

460.4 

23 

472.7 

23 

472.7 

23 

493.0  ** 

14 

639.7 

23 

513.4 

■ 25 

431.9 

24 

399.3 

24 

399.3 

23 

472.7 

24 

240.4 

26 

297.4  -x-!< 

23 

220.0 

23 

195.6 

22 

326 . 0 

24 

240.4 

24 

203.7 

orr.  to  2‘j  C 
ton  Over  '.'.'e'-'kond 
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Table  6 

Data  for  Figure  10 


